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 The Brassicaceae are uniquely placed in plant biology as a 
 “ model family ” for evolutionary developmental studies. The 
potential of this model hinges on reliable developmental infor-
mation, genomic data, and robust phylogenetic estimates. The 
fi rst two components are well developed in Brassicaceae, due 
largely to the wealth of developmental and genomic data from 
 Arabidopsis thaliana (L.) Heynh. Until recently, robust phylo-
genetic hypotheses for the family have been lacking. However, 
the publication of a familywide chloroplast  ndhF phylogeny 
( Beilstein et al., 2006 ) was an important step forward in provid-
ing a framework for future phylogenetic and evolutionary stud-
ies. Monophyletic groups inferred from the  ndhF phylogeny 
also provided the foundation for a comprehensive new tribal 
classifi cation of the family ( Al-Shehbaz et al., 2006 ) that is 
gradually replacing Schulz ’ s ( Schulz, 1936 ) highly artifi cial 
system. In addition, the  ndhF phylogenetic analysis revealed 
that the majority of the newly delimited tribes belong to one 
of three large, monophyletic groups (lineages I – III, Beilstein 
et al., 2006). 
 More recently,  Bailey et al. (2006) provided a familywide 
phylogenetic estimate based on the internal transcribed spacer 
of the ribosomal RNA locus (ITS) and  Koch et al. (2007) in-
ferred phylogeny from the  trnL intron/ trnL-F intergenic spacer. 
The ITS phylogeny is nearly congruent at the tribal level to that 
of  Beilstein et al. (2006) , although the tree is less resolved and 
thus some tribes are represented by multiple distinct monophyl-
etic clades ( Bailey et al., 2006 ). Neither the ITS nor  trnL intron /
trnL-F intergenic spacer phylogenies provide statistically sup-
ported nodes (i.e., bootstrap values  > 65%) beyond the tribal 
level. Thus,  Bailey et al. (2006) also analyzed a supermatrix of 
10 genes/gene regions, while  Koch et al. (2007) built a super-
network based on sequences from four different genes/gene re-
gions to infer relationships beyond the tribal level. Both studies 
recovered some clades similar to those in  Beilstein et al. (2006) , 
although the methods used preclude rigorous assessment of 
clade support (e.g., the supermatrix comprised mostly missing 
data and the supernetwork analysis does not include an index of 
clade support). 
 In this study, we assess the credibility of the three hypothe-
sized lineages ( Beilstein et al., 2006 ) and test the monophyly of 
the recently erected tribes of the family ( Al-Shehbaz et al., 
2006 ) by adding phylogenetic information from partial se-
quences of the gene phytochrome A ( PHYA ) for species of 
Brassicaceae previously analyzed for the chloroplast gene  ndhF . 
Phytochrome A is one of fi ve phytochrome genes ( PHYA – PHYE ) 
in  Arabidopsis ( Clack et al., 1994 ).  PHYA is ~50% similar 
to  PHYC , its sister gene, and to  PHYB and  PHYE , allowing 
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 The family Brassicaceae comprises 3710 species in 338 genera, 25 recently delimited tribes, and three major lineages based on 
phylogenetic results from the chloroplast gene  ndhF . To assess the credibility of the lineages and newly delimited tribes, we se-
quenced an approximately 1.8-kb region of the nuclear phytochrome A ( PHYA ) gene for taxa previously sampled for the chloro-
plast gene  ndhF . Using parsimony, likelihood, and Bayesian methods, we reconstructed the phylogeny of the gene and used the 
approximately unbiased (AU) test to compare phylogenetic results from  PHYA with fi ndings from  ndhF . We also combined  ndhF 
and  PHYA data and used a Bayesian mixed model approach to infer phylogeny.  PHYA and combined analyses recovered the same 
three large lineages as those recovered in  ndhF trees, increasing confi dence in these lineages. The combined tree confi rms the 
monophyly of most of the recently delimited tribes (only Alysseae, Anchonieae, and Descurainieae are not monophyletic), while 
13 of the 23 sampled tribes are monophyletic in  PHYA trees. In addition to phylogenetic results, we documented the trichome 
branching morphology of species across the phylogeny and explored the evolution of different trichome morphologies using the 
AU test. Our results indicate that dendritic, medifi xed, and stellate trichomes likely evolved independently several times in the 
Brassicaceae. 
 Key words: approximately unbiased test;  Arabidopsis ;  Brassica ; Brassicaceae;  ndhF ;  PHYA ; phylogeny; trichomes. 
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90 genera across the family. Numerous studies have placed the family 
Cleomaceae sister to Brassicaceae ( Rodman et al., 1996, 1998; Hall et al., 
2002, 2004 ). In addition, the position of  Aethionema as sister to all other Bras-
sicaceae is not in doubt, having been demonstrated by  Galloway et al. (1998) , 
 Koch et al. (2001, 2007) ,  Hall et al. (2002) , and  Mathews and McBreen (in 
press) . Because the sister group and the position of the root of the family are 
known, we rooted our analyses using only  Polanisia dodecandra (L.) DC., a 
member of Cleomaceae. Taxa from all clades present in the  ndhF phylogeny 
are represented in both the  PHYA and combined data sets. The sample includes 
members of 23 of the 25 recently proposed tribes for the family ( Al-Shehbaz 
et al., 2006 ). The tribes Cochlearieae and Iberideae were not included in 
this study or in the earlier  ndhF study ( Beilstein et al., 2006 ) because of the 
lack of either vouchered material (Cochlearieae) or reliable sequence data 
(Iberideae). 
 DNA extraction, PCR amplifi cation, cloning, sequencing, and contig 
assembly — Silica-dried leaf material from collecting trips to Iran and China 
provided additional samples not included in  Beilstein et al. (2006) . DNA was 
isolated from silica-dried leaf tissue using a modifi ed 2 × CTAB protocol ( Doyle 
and Doyle, 1987 ) and purifi ed in cesium-chloride – ethidium-bromide gradients 
by ultracentrifugation. Sequencing of  ndhF follows  Beilstein et al. (2006) . 
 PHYA fragments were PCR amplifi ed using the  PHYA specifi c primers a230f 
and a832r ( Table 1 ) with a step-down PCR protocol ( Mathews and Donoghue, 
2000 ) (Appendix S1, see Supplemental Data with the online version of this ar-
ticle). Amplifi cation produced a distinct band of ~2 kb in all accessions except 
 Brassica oleracea L. and  Hirschfeldia incana (L.) Lagr.-Foss., which yielded 
two bands of slightly different lengths and were cloned separately. Resulting 
PCR fragments were cloned and sequenced following the procedure outlined in 
 Mathews et al. (2000) . Six clones each were screened from a subset of taxa used 
in preliminary stages of the project, and a minimum of two clones was screened 
from all accessions. For a few taxa, as many as 10 clones were screened, and in 
the case of  Schizopetalon rupestre (Barn.) Reiche, six clones each from two 
different PCR reactions were screened to eliminate labeling or pipetting error as 
an explanation for the alternative placement of  S. rupestre in  ndhF- and  PHYA -
inferred phylogenies. Additional sequencing primers were designed using the 
program PrimaClade ( Gadberry et al., 2005 ), which predicts primers from 
aligned sequence. Sequenced  PHYA fragments were trimmed using the pro-
gram 4Peaks version 1.7 (A. Griekspoor and T. Groothuis, http://www.meken-
tosj.com/4peaks) prior to assembly to eliminate portions of the sequence in 
which Phred quality scores consistently fell below 20. Contigs for each se-
quenced clone were assembled in the program SeqManII version 4.0 (DNA-
STAR, Madison, Wisconsin, USA) and result from double-stranded overlap of 
at least 85%. 
 Phylogenetic analyses — PHYA sequences were manually aligned as trans-
lated amino acids in the program MacClade 4.0 ( Maddison and Maddison, 
2002 ). Intron I of  PHYA was trimmed from the aligned sequences based on the 
position of the intron in  Arabidopsis thaliana . The resulting matrix contained 
1764 nucleotide sites. Initial phylogenetic analyses included all sequenced 
clones (number of taxa [ntax] = 203) (TreeBASE accession M3965, http://
www.treebase.org).  PHYA data were pruned to a single clone per sequenced 
taxon, unless clones failed to form a monophyletic group in the initial phyloge-
netic analyses. The single clone chosen was that on the shortest branch of the 
monophyletic group of clones of the same taxon; this sequence is more similar 
easy identifi cation and locus-specifi c amplifi cation ( Clack 
et al., 1994 ;  Mathews, 2006 ). The extensive characterization 
of the function and evolution of the phytochrome gene family 
in  Arabidopsis thaliana ( M ø ller et al., 2002 ;  Franklin et al., 
2003a, b ;  Monte et al., 2003 ;  Sharrock et al., 2003a ,  b ) and 
more broadly in angiosperms and other land plants ( Mathews, 
2006 ) allows highly accurate assessment of orthology vs. paral-
ogy of phytochrome sequences. Confi dence in the homology of 
nucleotide sites determined during the alignment process is in-
creased due to the amino acid and structural similarities that 
exist among land plant phytochrome genes ( Mathews et al., 
1995 ;  Mathews and Sharrock, 1997 ). Furthermore, sequences 
from phytochrome genes have been used to infer phylogeny in 
Poaceae ( Mathews and Sharrock, 1996 ;  Mathews et al., 2000 ), 
Fabaceae ( Lavin et al., 1998 ), Celastraceae ( Simmons et al., 
2001 ), Phyllanthaceae ( Samuel et al., 2005 ), Malpighiaceae 
( Davis et al., 2002 ), and Orobanchaceae ( Bennett and Mathews, 
2006 ). 
 Based on results from  Beilstein et al. (2006) , trichome mor-
phology was identifi ed as an important character for determin-
ing phylogenetic affi nities among Brassicaceae taxa. For 
example, most lineage I taxa have dendritic trichomes, except 
for those in the tribes Descurainieae (simple trichomes) and Phy-
sarieae (stellate trichomes), while lineage II taxa have only 
simple trichomes or are entirely glabrous. To compare trichome 
morphologies in species from other lineages and tribes, in this 
paper we document the morphology of trichomes from species 
across the resultant phylogeny of Brassicaceae and the pub-
lished  ndhF phylogeny ( Beilstein et al., 2006 ) using scanning 
electron microscopy (SEM). In addition, we recorded the 
trichome morphology of all species sampled in the phylogeny 
to test hypotheses of trichome evolution. Trichomes in Brassi-
caceae consist of a single cell and are morphologically diverse, 
especially in regard to the number and position of branches 
( Beilstein and Szymanski, 2004 ). Simple trichomes are un-
branched and occur throughout the family and in species of 
Cleomaceae, which is sister to Brassicaceae ( Hall et al., 2002 ). 
Trichomes consisting of a pronounced stalk and two or more 
branches are termed dendritic and likely evolved numerous 
times in the family ( Beilstein et al., 2006 ). In medifi xed and 
stellate trichomes, the stalk is greatly reduced or absent; medi-
fi xed trichomes typically have only two branches, while stellate 
trichomes have three or more branches that radiate from a cen-
tral point. In contrast to dendritic trichomes, the chloroplast 
 ndhF analysis suggested a single origin for medifi xed and stel-
late trichomes ( Beilstein et al., 2006 ). Here we document simi-
larities between trichome morphologies among closely and 
distantly related species. In addition, the increased phylogenetic 
information provided by  PHYA data and the expanded sampling 
of species with stellate trichomes allow a more thorough inves-
tigation of the hypothesis that these forms evolved only once in 
the family. 
 MATERIALS AND METHODS 
 Taxon sampling — We replicated the taxon sampling of  Beilstein et al. 
(2006) for the nuclear gene phytochrome A ( PHYA ) to compare family wide 
phylogenetic estimates of Brassicaceae from the nucleus and chloroplast 
and to explore the phylogenetic resolution provided by combining the two 
markers (Appendix 1). Additional taxa, not included in  Beilstein et al. (2006) , 
were added to the  ndhF data set to achieve maximum overlap between the 
two markers. We were unable to obtain reliable  PHYA sequence data for a 
few species sampled in the  ndhF study. In total, we sampled 101 species in 
 Table 1. Primers used in (A) PCR amplifi cation and (B) sequencing 
of an approximately 1.8-kb region of the  PHYA gene for species in 




230F 5 ′ -GACTTTGARCCNGTBAAGCCTTAY G-3 ′ 
832R 5 ′ -RTTCCAYTCNGTRCACCANCC-3 ′ 
B) Sequencing primers (used in addition to vector primers sp6 and T7)
481F 5 ′ -GTTGTAGTWAAYGAGGAAGATGG-3 ′ 
626F 5 ′ -CCATCTCRTARTCCTTCCA-3 ′ 
424R 5 ′ -AGAAACTCRCANGCATACCT-3 ′ 
577R 5 ′ -GTATGWGAACGGAACCAGAA-3 ′ 
788R 5 ′ -CTTATTGGYCCAGCATC-3 ′ 
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inferred from  PHYA analyses (thickened lines) were used to constrain likeli-
hood searches of both the  ndhF and  ndhF / PHYA combined data sets. Further-
more, well-supported nodes from the analysis of  ndhF (thickened lines) data 
were used to constrain likelihood searches of  PHYA data. Although these analyses 
suggested that trees generated from the two data sets are statistically signifi -
cantly different, examination of specifi c topological disagreement revealed that 
the two trees differed primarily in the placement of Schizopetaleae taxa and that 
the majority of other disagreements had only low bootstrap or posterior prob-
ability support (e.g.,  < 60% PB or LB,  < 0.95 PP). Thus, we concatenated the 
data sets into a single data set for combined analyses. Furthermore, we tested 
the  ndhF / PHYA combined data tree, and well-supported nodes (PB  ≥ 80%, PP  ≥ 
0.95) against the  ndhF and  PHYA data to insure the topology obtained re-
fl ected both markers. 
 For genera and species that were not monophyletic in unconstrained searches 
of  PHYA and  ndhF / PHYA combined data, we tested whether there was suffi -
cient phylogenetic signal to reject monophyly. Topologies requiring the mono-
phyly of relevant genera and species were generated and tested against 
unconstrained topologies. In addition, a constraint tree requiring monophyly of 
the Schizopetaleae excluding  Schizopetalon rupestre was also generated for the 
 PHYA data set to explore the effect of alternative placements of  S. rupestre on 
the likely monophyly of other Schizopetaleae taxa. 
 The evolution of medifi xed and stellate trichomes was examined by con-
straining the  ndhF / PHYA combined data to require the monophyly of species 
that have medifi xed or stellate trichomes. For example, to test whether medi-
fi xed trichomes could have resulted from a single evolutionary event, we gener-
ated a constraint tree requiring the monophyly of  Erysimum capitatum (Douglas 
ex Hook.) Greene,  Farsetia aegyptica Desv., and  Rhammatophyllum erysi-
moides (Kar.  & Kir.) Al-Shehbaz  & O. Appel. Similarly, the hypothesis that 
stellate trichomes have a single origin was tested by generating a constraint tree 
in which  Clypeola aspera Turrill,  Fibigia suffruticosa Sweet,  Physaria fl ori-
bunda Rydb., and  P. rosei (Rollins) O ’ Kane  & Al-Shehbaz form a monophyl-
etic group. 
 Trichome SEM – To document trichome morphology for the species studied 
here and to verify reports in the literature, we recorded trichome morphology 
for 44 of the species in the  PHYA phylogeny and six species included in the 
previously published  ndhF phylogeny ( Beilstein et al., 2006 ), using SEM. Ma-
ture leaves from herbarium specimens were mounted directly on stubs. All 
stubs were sputter-coated with gold and viewed with SEM at either UMSL, 
Central Institute for the Deaf — Washington University (WU), or Harvard Uni-
versity Herbaria (HUH). Trichome images were either captured on Polaroid 
fi lm (Eastman Kodak, Rochester, New York, USA) and scanned at high resolu-
tion (UMSL) or captured directly as digital images (HUH, WU). Image bright-
ness and contrast were adjusted using Adobe Photoshop CS version 8.0 (Adobe 
Systems, San Jose, California, USA). 
 RESULTS 
 Characteristics of the phytochrome A and combined data 
sets — The  PHYA sequence alignment used in all analyses con-
sists of 1764 nucleotide sites (588 amino acid positions). The 
alignment spans the GAF domain, the region to which the chro-
mophore binds ( Mathews, 2006 ). This region varies in length 
near the site of chromophore binding and thus requires the in-
troduction of one or more 3-bp indels to maintain amino acid 
alignment among the sampled taxa. This variation accounts for 
the majority of length difference among  PHYA sequences. Out-
side the GAF domain, the alignment contains two indels of 3 bp 
each, and a third indel of 6 bp.  Idahoa scapigera has the longest 
 PHYA sequence (1755 bp), excluding the intron, while  Lepid-
ium alyssoides A. Gray has the shortest sequence (1716 bp). 
The combined data set consists of the  PHYA sequence align-
ment detailed, plus 2087 bp of aligned  ndhF data ( Beilstein et 
al., 2006 ), for a total of 3851 aligned nucleotide sites (1283 
amino acid positions). The results of Modeltest 3.6 indicated 
that the GTR + I +  Γ model of sequence evolution best de-
scribed both the  PHYA and combined data sets, whether evalu-
ated by likelihood ratio test or AIC. 
to the likely ancestral  PHYA sequence represented by the node of the mono-
phyletic group of clones. Data sets resulting from this initial pruning were used 
to infer the  PHYA phylogeny (ntax = 114). However, further pruning was re-
quired to achieve complete taxon overlap between  ndhF (TreeBASE accession 
M3966) and  PHYA data sets. Thus, taxa without a corresponding  ndhF se-
quence were eliminated from the  PHYA data set, resulting in a combined 
 ndhF / PHYA matrix of 3851 nucleotide sites (ntax = 105) (TreeBASE accession 
M3967). 
 Parsimony, likelihood ( Felsenstein, 1973 ), and Bayesian MCMC ( Yang and 
Rannala, 1997 ) phylogenetic analyses were performed on the Beowulf cluster 
Expedition at the University of Missouri — St. Louis (UMSL). Parsimony 
ratchet ( Nixon, 1999 ) searches consisting of 20 independent replicates of 200 
iterations with 15% of characters reweighted per iteration were scripted using 
the program PAUPRat ( Sikes and Lewis, 2001 ) and run in the program PAUP* 
4.0b10 ( Swofford, 2002 ). Gaps were considered missing data. For likelihood 
and Bayesian analyses, model parameters were set to those indicated by the 
program Modeltest 3.6 ( Posada and Crandall, 1998 ). Likelihood runs used 
PAUP* (random sequence addition, tree-bisection-reconnection [TBR] swapping, 
MULTREES = yes), while Bayesian analyses (2 independent runs of 10 million 
generations each, sampling every 1000 generations) were implemented in Mr-
Bayes 3.1 ( Ronquist and Huelsenbeck, 2003 ). Bayesian analyses performed on 
the combined data set specifi ed two partitions corresponding to  ndhF and  PHYA 
fragments and allowed model parameters of each partition to change indepen-
dently (mixed model). 
 Maximum likelihood bootstrap (LB;  Felsenstein, 1985 ), parsimony boot-
strap (PB), and Bayesian posterior probabilities (PP) were generated to assess 
the support for nodes within the resulting phylogenies, whereas only PB and PP 
values were generated for the combined data due to the computational intensity 
of generating LB values. Likelihood bootstrap replicates (100) were run in par-
allel on the Beowulf cluster using PAUP* (random sequence addition, TBR 
swapping, MULTREES = yes). Parsimony bootstrap replicates (500 bootstrap 
replicates, 1 random addition, TBR swapping, MULTREES = yes, saving no 
more than 1000 trees per replicate) were implemented in PAUP*. Bayesian 
posterior probabilities were obtained from the majority-rule consensus of trees 
generated in MrBayes 3.1. 
 Likelihood topology tests — The approximately unbiased test (AU) 
( Shimodaira, 2002 ), as implemented in the program CONSEL ( Shimodaira 
and Hasegawa, 2001 ) (10 000 bootstrap replicates), was used to determine 
the statistical signifi cance of differences in topologies generated by the data 
sets ( ndhF ,  PHYA , and  ndhF / PHYA combined) or by enforcing topological 
constraints to test specifi c evolutionary hypotheses. For example, the AU test 
was used to explore whether the assembled data sets contained suffi cient phy-
logenetic signal to address the monophyly of recently erected tribes in the 
family ( Al-Shehbaz et al., 2006 ). Thus, when tribes were not resolved as 
monophyletic in phylogenies inferred from either the  PHYA or the combined 
 ndhF / PHYA data sets, we tested whether the data were suffi cient to statisti-
cally reject monophyly. This represents a conservative approach to the pro-
position of nonmonophyly for tribes in the family, which would require 
revision of the current tribal scheme, by accounting for uncertainty in phylog-
eny reconstruction. 
 Several species had disparate  PHYA sequences that were not sister to each 
other in the  PHYA trees, which required additional pruning of the  PHYA data to 
compare it to the  ndhF and combined data set trees. For instance,  Idahoa 
scapigera (Hook.) A. Nelson  & J. F. Macbr. and  Sisymbriopsis yechengnica (C. 
H. An) Al-Shehbaz, C. H. An  & G. Yang, two putative hybrid species, are 
represented in the  PHYA and combined data sets by two clones that are not 
sisters, whereas the  ndhF phylogeny contains only a single representative of 
these taxa. For both species, the putative maternal (mat)  PHYA copy occurs in 
the same position in the phylogeny as the  ndhF sequence ( I. scapigera [mat] 
and  S. yechengnica [mat]), while the putative paternal (pat) copy occurs in a 
different position than the  ndhF sequence ( I. scapigera [pat] and  S. yecheng-
nica [pat]). Thus, the putative paternal copies of  I. scapigera and  S. yecheng-
nica were pruned from the  PHYA parsimony and combined data sets. Similarly, 
most Schizopetaleae taxa are represented in the  PHYA data set by two non-
monophyletic clones, and one clone each was eliminated to achieve a single-
clone data set for comparison to the  ndhF tree and concatenation with  ndhF in 
the combined data set. 
 Following the pruning of clones from the  PHYA data, we tested whether 
differences between the  ndhF and  PHYA topologies generated by full heuris-
tic searches of the data sets were statistically signifi cant. In addition, well-
supported nodes from one data set were used as constraints in the inference of 
topologies under the other two data sets. For example, well-supported nodes 
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 Table 2 for a comparison of tribal monophyly among phyloge-
netic analyses). Tribe Eutremeae is monophyletic in the  PHYA 
likelihood analysis ( Fig. 1 ) and the combined analysis ( Fig. 3 ), 
but is paraphyletic in the parsimony ratchet  PHYA analysis 
( Fig. 2 ). The tribes Alysseae, Anchonieae, Camelineae, Descu-
rainieae, Physarieae, Schizopetaleae, Sisymbrieae, and Thlaspi-
deae are not monophyletic in the  PHYA tree ( Fig. 1 ), while 
Alysseae, Anchonieae, and Descurainieae are not monophyletic 
in the combined analysis ( Fig. 3 ) ( Table 2 ). The monophyly of 
tribes Heliophileae and Chorisporeae cannot be assessed due to 
insuffi cient sampling. 
 Similarities in tribal monophyly are also refl ected in topol-
ogy tests generated from unconstrained heuristic searches of 
the  ndhF , pruned  PHYA , and combined data ( Table 4 ). When 
phylogenetic searches of the combined data are constrained by 
well-supported nodes from either the  ndhF or  PHYA trees, the 
resulting topologies are not signifi cantly different from the un-
constrained tree ( Table 4 ,  ndhF well-supported nodes, AU  P = 
0.200;  PHYA well-supported nodes, AU  P = 0.409). However, 
the most likely  ndhF ( Table 4 ,  ndhF , best) and  PHYA ( Table 4 , 
 PHYA , best) topologies differ signifi cantly from trees con-
strained by nodes resolved in the other data set. For example, 
when phylogenetic searches of the  PHYA data are constrained 
by the well-supported nodes of the  ndhF phylogeny (thickened 
lines,  Fig. 2 ), the likelihood of the resulting tree is signifi cantly 
different from the unconstrained tree ( Table 4 ,  ndhF well-sup-
ported nodes, AU  P = 0.000). 
 The composition of and relationships within and among 
tribes is described in detail next. Tribes are listed in alphabeti-
cal order. Tribes Cochlearieae and Iberideae, which were not 
sampled in this study, are omitted. 
 Aethionemeae — The  PHYA ,  ndhF , and combined  ndhF / PHYA 
data sets provide strong support for the sister relationship of the 
tribe Aethionemeae to all other tribes and taxa of Brassicaceae. 
The tribe, as sampled, is comprised of  Aethionema saxatile and 
 Moriera spinosa Boiss. 
 Alysseae — Alysseae are polyphyletic in trees inferred from 
all three data sets ( Figs. 1 – 3 ) ( Table 2 ). Monophyly of the tribe 
is not rejected by the  PHYA data ( Table 3 , Alysseae, AU  P = 
0.061), but the AU test rejects the monophyly of Alysseae for 
the combined data ( Table 5 , Alysseae, AU  P = 0.022). Poly-
phyly of Alysseae is due in part to paraphyly of  Alyssum , mono-
phyly of which is rejected by AU test ( Table 3 , Alyssum, AU 
 P = 0.005).  Alyssum linifolium Steph. Ex Willd.,  Clypeola aspera 
and  Fibigia suffruticosa form a monophyletic group of core Al-
ysseae in  PHYA trees (Alysseae 2,  Fig. 1 );  ndhF sequence data 
were not reliably amplifi ed for  A. linifolium, and thus this spe-
cies was not included in the combined analysis.  Alyssum cane-
scens (Alysseae 1,  Fig. 1 ) is sister to Arabideae in  PHYA 
analyses (without support), is within lineage I in the  ndhF tree 
( Fig. 2 ) and is sister to all other members of lineage I in the 
combined analysis.  Farsetia aegyptica (Alysseae 3,  Fig. 1 ) is 
strongly supported as sister to  Lunaria annua L. in the  PHYA 
analysis, in the same position but without support in the com-
bined analysis and in an unresolved position in the  ndhF 
analysis. 
 Anchonieae — Anchonieae (lineage III) are polyphyletic in 
 PHYA, ndhF, and combined trees; the potential monophyly of 
the tribe is not rejected by AU test of the  PHYA data set ( Table 
 Clones originating from the same DNA accession formed a 
monophyletic group in phylogenetic analyses of  PHYA in the 
majority of sampled taxa (Appendix S2, see Supplemental Data 
with the online version of this article), so a single clone was 
chosen to represent the taxon in further analyses. However, two 
distinct, nonmonophyletic copies of  PHYA were recovered 
from  Brassica oleracea ,  Caulanthus crassicaulis (Torr.) S. 
Wats.,  Hesperidanthus suffrutescens (Rollins) Al-Shehbaz, 
 Hirschfeldia incana ,  Idahoa scapigera ,  Mostacillastrum orbig-
nyanum (E. Fournier) Al-Shehbaz,  Neuontobotrys elloanensis 
Al-Shehbaz,  N. frutescens (Gills. ex Hook.  & Arn.) Al-Sheh-
baz,  Romanschulzia sp. O. E. Schulz,  Sisymbriopsis yecheng-
nica ,  Stanleya pinnata (Pursh) Britton, and  Thelypodium 
laciniatum (Hook.) Endl. ( Fig. 1 ). In  B. oleracea and  H. incana , 
clones varied in the length of the sequenced intron; the two  B. 
oleracea introns differed by 427 bp, and the two  H. incana in-
trons differed by 405 bp. In contrast, intron length variation was 
not observed in other duplicated  PHYA sequences; rather, alter-
native copies were cloned from PCR fragments of the same 
length. 
 Coding sequence variation in the single clone alignment of 
 PHYA ranged from 1.2% between  Boechera platysperma (A. 
Gray) Al-Shehbaz and  Boechera shortii (Fernald) Al-Shehbaz 
to 17.6% between  Brassica oleracea and the outgroup taxon 
 Polanisia dodecandra . Sequences of  PHYA from  Aubrieta del-
toidea (L.) DC. and  A. parvifl ora Boiss. were also similar, vary-
ing at only 1.3% of nucleotide sites. Comparably low sequence 
variation also occurred between genera;  Exhalimolobos wed-
dellii (Griseb.) Al-Shehbaz  & C. D. Bailey and  Pennellia 
brachycarpa Beilstein  & Al-Shehbaz differed at only 1.4% of 
nucleotide sites, as did  Hesperidanthus jaegeri (Rollins) Al-
Shehbaz and  Caulanthus crassicaulis . The greatest sequence 
variation for ingroup taxa occurred between  Brassica oleracea 
and  Aethionema saxatile (L.) R. Br. (16.8%). 
 Phylogenetic reconstructions and topology congru-
ence — Maximum likelihood, parsimony ratchet and Bayesian 
phylogenetic analyses of the single clone  PHYA ( Fig.1 ), pruned 
 PHYA ( Fig. 2 ) and combined ( Fig. 3 ) data sets produced topolo-
gies that largely agree with phylogenies inferred from  ndhF 
( Fig. 2 ) ( Table 2 ). In particular, the tribe Aethionemeae is sister 
to all other Brassicaceae, and three major lineages are recov-
ered from  PHYA and combined estimates of phylogeny (I – III, 
 Figs. 1 – 3 ). Lineage I consists of the tribes Boechereae, Came-
lineae, Cardamineae, Descurainieae, Halimolobeae, Lepidieae, 
Physarieae, Smelowskieae, and Alysseae pro parte in phyloge-
nies inferred from  ndhF ( Fig. 2 ) and combined ( Fig. 3 ) data. 
Lineage I is not monophyletic in the maximum likelihood 
 PHYA tree due to the placement of  Alyssum canescens DC. and 
the tribe Cardamineae outside the lineage ( Fig. 1 ), but these 
placements are poorly supported in the  PHYA tree, and the 
monophyly of lineage I is not rejected by the  PHYA data in 
likelihood topology tests ( Table 3 , Lineage I, AU  P = 0.330). 
The tribes Brassiceae, Isatideae, and Sisymbrieae comprise a 
monophyletic group with the majority of Schizopetaleae spe-
cies (lineage II) in  ndhF ,  PHYA , and combined phylogenetic 
analyses. Similarly, all three data sets resolve the monophyly of 
lineage III, consisting of the tribes Anchonieae, Chorisporeae, 
Euclidieae, and Hesperideae. 
 The tribes Aethionemeae, Arabideae, Boechereae, Bras-
siceae, Cardamineae, Euclidieae, Halimolobeae, Hesperideae, 
Isatideae, Lepidieae, Noccaeeae, and Smelowskieae are mono-
phyletic in topologies generated from all three data sets (see 
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analyses (PP 1.0) but with lower bootstrap support (PB 59%) 
than in the  ndhF tree. 
 Cardamineae — Cardamineae are monophyletic in all analy-
ses. Within Cardamineae,  ndhF ( Fig. 2 ) and combined ( Fig. 3 ) 
data place  Barbarea vulgaris R. Br. and  Planodes virginicum 
Greene in a clade sister to the clade formed by  Cardamine pul-
chella (Hook. f.  & Thomson) Al-Shehbaz  & G. Yang and  Io-
danthus pinnatifi dus (Michx.) Steudel. In contrast, relationships 
within Cardamineae are not statistically supported in the  PHYA 
analysis ( Fig. 1 ). Cardamineae are members of lineage I in 
 ndhF and combined trees, but not in the  PHYA analysis. How-
ever, monophyly of lineage I is not rejected by the  PHYA data 
( Table 3 ), and the  PHYA parsimony tree places Cardamineae in 
lineage I ( Fig. 2 ). 
 Chorisporeae — Chorisporeae (lineage III) are represented by 
 Chorispora tenella , which is sister to  Dontostemon senilis (An-
chonieae) in the  PHYA ( Fig. 1 ) phylogenetic analysis; their po-
sition relative to one another is unresolved in the  ndhF analysis 
presented here ( Fig. 2 ). The  C. tenella - D. senilis clade is sister 
to the rest of lineage III in  PHYA and combined trees and is 
strongly supported by combined data (PP 1.0, PB 99%), but 
lacks support from  PHYA alone and is not recovered in the 
 ndhF tree. 
 Descurainieae — Descurainieae (lineage I) are not mono-
phyletic in the  PHYA analysis, although potential monophyly of 
the tribe is not rejected ( Table 3 , Descurainieae, AU  P = 0.548). 
In the  PHYA tree ( Fig. 1 ),  Hornungia procumbens (L.) Hayek is 
sister to the sampled Lepidieae rather than to other members of 
Descurainieae. Similarly, Descurainieae are not monophyletic 
in the Bayesian analysis of combined data ( Fig. 3 ), but are 
monophyletic in the likelihood analysis (tree not shown). The 
 ndhF data place  H. procumbens sister to [ Descurainia sophia 
(L.) Webb +  Ianhedgea minutifl ora (Hook. f.  & Thomson) Al-
Shehbaz  & O ’ Kane], thereby forming a monophyletic Descu-
rainieae ( Fig. 2 ). Regardless of the exact position of  H. 
procumbens , all sampled Descurainieae are members of lineage 
I in all trees. 
 Euclidieae — Euclidieae sensu lato (lineage III) are strongly 
monophyletic in all analyses. Euclidieae s.l. includes all sam-
pled members of Euclidieae s.s. plus  Christolea crassifolia 
Cambes.,  Dilophia salsa Thomson,  Shangrilaia nana Al-Sheh-
baz, J. P. Yue  & H. Sun, and  Sisymbriopsis yechengnica .  Leio-
spora eriocalyx (Regel  & Schmalh.) F. Dvo r á k is sister to 
Euclidieae s.l. in  PHYA and combined phylogenies, but falls in 
an unresolved position in lineage III in  ndhF trees. 
 Eutremeae — Eutremeae are monophyletic in all analyses ex-
cept the pruned  PHYA parsimony analysis ( Fig. 2 ).  Eutrema 
heterophyllum (W. W. Sm.) H. Hara and  E. altaicum (C. A. 
Mey.) Al-Shehbaz  & Warwick are sister species in  PHYA ( Fig. 
1 ) and combined ( Fig. 3 ) topologies, while  ndhF data support 
the sister relationship of  Chalcanthus renifolius Boiss. and  E. 
altaica ( Fig. 2 ). The tribe is derived from within a paraphyletic 
Thlaspideae in the  PHYA likelihood tree ( Fig. 1 ) and is sister to 
Thlaspideae in the combined tree, although both relationships 
lack statistical support. 
 Halimolobeae — Halimolobeae (Lineage I) are consistently 
monophyletic. They are sister to Boechereae with good support 
3 , Anchonieae, AU  P = 0.231), but it is rejected as monophyl-
etic in the combined data set AU test ( Table 5 , Anchonieae, AU 
 P = 0.016).  Matthiola integrifolia Kom.,  M. farinosa Bunge ex 
Boiss., and  Oreoloma violaceum Botsch. form a monophyletic 
clade in  PHYA (Anchonieae 1,  Fig. 1 ),  ndhF ( Fig. 2 ), and com-
bined  ndhF / PHYA ( Fig. 3 ) trees.  Bunias orientalis L., currently 
classifi ed in Anchonieae, never appears as sister to Anchonieae 
1, but its relationship to them is ambiguous. Nonetheless,  B. 
orientalis is strongly supported as a member of lineage III in 
 ndhF ,  PHYA , and combined phylogenies.  Dontostemon senilis 
Maxim. (Anchonieae 2,  Fig. 1 ) is sister to  Chorispora tenella 
(Pallas) DC. (Chorisporeae) and together the two taxa are sister 
to all other members of lineage III in both  PHYA and combined 
phylogenies. The placement of  C. tenella and  D. senilis relative 
to each other or to other members of lineage III is not supported 
in the  ndhF phylogeny ( Fig. 2 ). 
 Arabideae — Arabideae are monophyletic in phylogenies in-
ferred from  ndhF ,  PHYA , and combined data. Within the tribe 
 Aubrieta deltoidea and  A. parvifl ora form a clade in all analy-
ses. The tribe is not a member of any of the well-supported 
lineages defi ned previously, but is sister to lineage II in both 
 PHYA and combined ( Fig. 3 ) trees, although without support. 
In contrast,  ndhF data place the tribe sister to a larger mono-
phyletic group comprised of lineage II plus the unplaced tribes 
Eutremeae and Thlaspideae, as well as  Goldbachia laevigata 
(M. Bieb.) DC. 
 Boechereae — Boechereae (lineage I) are monophyletic in all 
analyses ( Figs. 1 – 3 ). Within the tribe,  Boechera platysperma 
and  B. shortii are monophyletic in all trees. Relationships within 
the tribe are largely resolved in  ndhF ( Fig. 2 ) and combined 
trees ( Fig. 3 ) but not in the  PHYA tree ( Fig. 1 ). 
 Brassiceae — Brassiceae (lineage II) are monophyletic in all 
phylogenies.  Brassica oleracea and  Hirschfeldia incana are 
strongly monophyletic in  PHYA analyses ( Fig. 1 ), and together 
are sister to  Cakile maritima Scop.; the latter relationship lacks 
statistical support in the  PHYA tree, but is strongly supported by 
 ndhF ( Fig. 2 ) and combined data ( Fig. 3 ). Brassiceae are sister 
to [Schizopetaleae + Sisymbrieae] in both  ndhF and combined 
analyses. 
 Camelineae — Camelineae (Lineage I) are polyphyletic in the 
 PHYA phylogeny ( Figs. 1, 2 ). However, none of the sampled 
species of Camelineae is strongly supported as a member of 
other lineage I tribes, and the potential monophyly of Camelin-
eae is not rejected by the  PHYA data ( Table 3 , Camelineae, 
AU  P = 0.070).  Arabidopsis thaliana and  A. lyrata (L.) O ’ Kane 
 & Al-Shehbaz form a monophyletic  Arabidopsis (Camelineae 
1,  Fig. 1 ) sister to species of  Physaria .  Camelina microcarpa 
Andrz. ex DC.,  Capsella bursa-pastoris (L.) Medik. and 
 Catolobus pendula (L.) Al-Shehbaz are also monophyletic 
(Camelineae 2) and sister to other members of Physarieae, 
excluding  Physaria .  Olimarabidopsis pumila (Stephan) Al-
Shehbaz, O ’ Kane  & R. A. Price and  Turritis glabra L. (Came-
lineae 3) are sister to the Boechereae-Halimolobeae clade, 
while  Erysimum capitatum (Camelineae 4) is sister to members 
of the Descurainieae. 
 The polyphyly of Camelineae in the  PHYA phylogenetic 
analyses contrasts with the strong support for their monophyly 
in the  ndhF analysis ( Fig. 2 ). They are also monophyletic in the 
combined analysis ( Fig. 3 ), with strong support in Bayesian 
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 Schizopetaleae — Schizopetaleae (lineage II) are monophyl-
etic in phylogenies inferred from  ndhF and combined data. The 
tribe is closely related to sampled members of Sisymbrieae in 
all analyses ( Figs. 1 – 3 ). In the phylogeny inferred from  PHYA 
data, all Schizopetaleae except  Schizopetalon rupestre (Schizo-
petaleae 2,  Fig. 1 ) form a large monophyletic group (Schizopet-
aleae 1,  Fig. 1 ), but  S. rupestre is sister to the clade formed by 
 Heliophila sp. and  Asta schaffneri . Furthermore, all sampled 
Schizopetaleae, except  Hesperidanthus jaegeri and  Strep-
tanthus squamiformis Goodman, have two copies of  PHYA 
(i and ii in Schizopetaleae 1,  Fig. 1 ) that form reciprocally 
monophyletic groups of sequences. AU test results ( Table 3 ) 
reject monophyly for the two sampled  PHYA copies of  Caulan-
thus crassicaulis (AU  P = 0.015),  Hesperidanthus suffrutescens 
(AU  P = 0.005),  Mostacillastrum orbignyanum (AU  P = 0.000), 
 Neuontobotrys elloanensis (AU  P = 0.034),  N. frutescens (AU 
 P = 0.029), and  Stanleya pinnata (AU  P = 0.002). In contrast, 
monophyly for the two copies of  Romanschulzia sp. (AU  P = 
0.084), and  Thelypodium laciniatum (AU  P = 0.367) is not 
rejected. 
 Hesperidanthus and  Neuontobotrys are each represented 
by two species in the  PHYA ,  ndhF , and combined data sets. 
 Hesperidanthus is monophyletic in the combined tree with high 
posterior probability (PP 1.0), but with low bootstrap support 
(PB  < 50%) ( Fig. 3 ). The clone 1 copies of  Hesperidanthus 
jaegeri and  H. suffrutescens are monophyletic in the  PHYA 
tree, although without statistical support ( Fig. 1 ). The relation-
ship between the two species is unresolved in the  ndhF tree, and 
the two are not monophyletic in the pruned  PHYA tree ( Fig. 2 ). 
In contrast,  Neuontobotrys elloanensis and  N. frutescens are 
never monophyletic in any analysis. Instead,  N. frutescens forms 
a well-supported monophyletic clade with  Mostacillastrum or-
bignyanum and  Schizopetalon rupestre in the  ndhF tree ( Fig. 2 ) 
and is monophyletic with  M. orbignyanum in the combined tree 
(PP 1.0, PB 92%) ( Fig. 3 ). 
 When  PHYA data are pruned to a single copy per acces-
sion for comparison with  ndhF , removing the Schizopetaleae 
2 copy for all species with two copies,  Streptanthus squami-
formis , from which only a single copy was recovered, falls 
outside the Schizopetaleae, yet remains fi rmly placed within 
lineage II ( Fig. 2 ). In contrast,  Schizopetalon rupestre and 
 Streptanthus squamiformis are sister to other Schizopetaleae 
in the combined tree (supported in Bayesian analyses only) 
( Fig. 3 ). 
 Sisymbrieae — Sisymbrium altissimum L. is supported as sis-
ter to  S. linifolium Nutt., in  ndhF ( Fig. 2 ) and combined ( Fig. 3 ) 
trees, and together they form a monophyletic Sisymbrieae (lin-
eage II), sister to Schizopetaleae. In contrast, the two species 
are not sisters in the  PHYA tree, but form a grade leading to 
Schizopetaleae ( Figs. 1 and 2 ). However,  PHYA data do not 
reject monophyly for Sisymbrieae ( Table 3 , Sisymbrieae, AU 
 P = 0.630). All data sets place Sisymbrieae, however circum-
scribed, in lineage II. 
in  PHYA ( Fig. 1 ) and combined (PP 1.0, PB 100)( Fig. 3 ) analy-
ses, but in the  ndhF tree, the relationships between the two are 
unresolved ( Fig. 2 ). 
 Heliophileae — The single accession of Heliophileae,  Helio-
phila Burm. f. ex L. sp., forms a clade with  Asta schaffneri (S. 
Wats.) O. E. Schulz in likelihood  PHYA ( Fig. 1 ) and combined 
( Fig. 3 ) trees;  Idahoa scapigera is included in this clade in the 
combined analysis ( Fig. 3 ), but without statistical support. In 
both the likelihood  PHYA tree ( Fig. 1 ) and the pruned parsi-
mony  PHYA tree ( Fig. 2 ),  Schizopetalon rupestre also falls in 
this clade with some statistical support. The  ndhF topology 
places  Heliophila sp. sister to [Noccaeeae +  Conringia persica 
Boiss.], but without support ( Fig. 2 ). 
 Hesperideae — Hesperideae ( Hesperis matronalis L. and 
 Hesperis sp. nov., lineage III) are monophyletic in all phyloge-
netic analyses. The tribe is sister to  Bunias orientalis in  PHYA 
( Fig. 1 ) and combined ( Fig. 3 ) topologies, but with little 
support. The latter relationship is not supported by  ndhF data 
( Fig. 2 ). 
 Isatideae — Isatis tinctoria L. and  Myagrum perfoliatum L. 
comprise the strongly supported monophyletic Isatideae (lin-
eage II) in all analyses. They are sister to all other lineage II 
tribes in the  ndhF ( Fig. 2 ) and combined ( Fig. 3 ) trees, but not 
in the  PHYA tree ( Fig. 1 ), which is less resolved within lineage 
II than the  ndhF and combined trees. 
 Lepidieae — Lepidieae ( Lepidium alyssoides and  L. draba L., 
lineage I) are monophyletic in all analyses. The tribe is sister to 
 Hornungia procumbens (Descurainieae 2) in phylogenies in-
ferred from  PHYA ( Fig. 1 ) and combined ( Fig. 3 ) data. In con-
trast, in the  ndhF tree Lepidieae are sister to Cardamineae ( Fig. 
2 ). Neither placement is statistically supported. 
 Noccaeeae — Noccaeeae are monophyletic and are strongly 
supported as sister to  Conringia persica in all analyses. The 
relationship of ( Conringia + Noccaeeae) to other tribes of the 
family is unresolved. 
 Physarieae — Physarieae (lineage I) are monophyletic in 
phylogenies inferred from  ndhF and combined data, but not in 
phylogenies inferred from  PHYA data ( Figs. 1 and 2 ). There, 
 Physaria fl oribunda and  P. rosei are resolved as sister (Phy-
sarieae 1), but are more closely related to Camelineae 1 than to 
 Dimorphocarpa wislizenii (Engelm.) Rollins,  Nerisyrenia john-
stonii J. D. Bacon, and  Synthlipsis greggii A. Gray (Physarieae 
2), but with little support. Lineage I tribes Camelineae, 
Boechereae, Halimolobeae, and Physarieae form a well-sup-
ported clade in the  ndhF ( Fig. 2 ) and combined ( Fig. 3 ) trees, 
with Physarieae sister to the other three tribes. The potential 
monophyly of Physarieae is not rejected by  PHYA data ( Table 
3 , Physarieae, AU  P = 0.423). 
 Fig. 1.  Maximum likelihood phylogeny of Brassicaceae  PHYA ( – ln likelihood = 28761.7468) showing tribes and lineages (l – lll). Thickened lines 
indicate branches supported by Bayesian posterior probability  ≥ 0.95, parsimony bootstrap  ≥ 80%, and likelihood bootstrap  ≥ 80%. Dashed lines are branches 
where two of the three support indices reach the level required for thickening. The duplicated  PHYA copies of species in the tribe Schizopetaleae are la-
beled i and ii.  Idahoa scapigera and  Sisymbriopsis yechengnica appear in the tree twice, and the two copies are indicated as maternal (mat) for the copy 
that falls in the same relative position in the  PHYA tree as in the  ndhF tree or paternal (pat) for the other copy.  Al-Shehbaz et al. (2006) provisionally 
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 To document more fully the trichome morphology across 
Brassicaceae, we used SEM to examine the trichomes of sev-
eral species not sampled in the current phylogenetic analyses, 
but which are robustly resolved in tribes based on the previ-
ously published  ndhF tree ( Beilstein et al., 2006 ). These taxa 
include  Anelsonia eurycarpa (A. Gray) J. F. Macbr.  & Payson 
and  Phoenicaulis cheiranthoides Nutt. (Boechereae),  Dontoste-
mon senilis (Anchonieae),  Lobularia maritima (L.) Desv. (Al-
ysseae),  Stenopetalum nutans F. Muell. (Camelineae), and 
 Sterigmostemum acanthocarpum (Fisch.  & C. A. Mey) Kuntze. 
In addition, 45 taxa included in the current phylogenetic study 
were examined. 
 Species from different lineages and tribes produce trichomes 
of similar morphology. For example, simple and dendritic 
trichomes occur in species from all three lineages ( Figs. 4 – 10 ). 
Medifi xed and stellate trichomes are less common, although 
they also occur in species from different lineages and tribes 
( Fig. 3 ). The hypothesis that medifi xed trichomes evolved once 
in the family is rejected by the combined data in AU topology 
tests ( Table 5 , Medifi xed trichomes evolved once, AU  P = 
0.000). Similarly, the combined data reject a single origin for 
stellate trichomes ( Table 5 , Stellate trichomes evolved once, 
AU  P = 0.000). In addition to likelihood hypothesis testing, we 
also explored the evolution of trichomes by reconstructing an-
cestral character states using likelihood, which indicated that 
simple, dendritic, medifi xed, and stellate trichomes each 
evolved more than once in Brassicaceae (Appendix S3, see 
Supplemental Data with the online version of this article). 
 Trichomes of species sampled in this study are classifi ed as 
follows. 
 Species lacking trichomes — All the sampled Aethionemeae, 
Cardamineae, Eutremeae, and Noccaeeae lack trichomes. In ad-
dition, the majority of sampled Schizopetaleae are glabrous, 
with  Schizopetalon rupestre (dendritic trichomes) being a no-
table exception. 
 Simple trichomes — Species with simple trichomes include 
lineage I taxa  Smelowskia tibetica (Smelowskieae), which also 
has dendritic trichomes ( Fig. 6B ), and  Lepidium alyssoides (Le-
pidieae) ( Fig. 6H ); and lineage II taxon  Sisymbrium altissimum 
(Sisymbrieae) ( Fig. 9B ). Numerous lineage III species have 
simple trichomes, including  Dontostemon senilis (Anchonieae) 
( Fig. 7A );  Chorispora tenella and  Diptychocarpus strictus 
Trautv. (Chorisporeae) ( Fig. 7F, G ); and  Christolea crassifolia , 
 Desideria linearis (N. Busch) Al-Shehbaz, and  Sisymbriopsis 
yechengnica (Euclidieae) ( Fig. 8A, B, H ). In addition,  Bis-
cutella didyma and  Cremolobus subscandens ( Fig. 9C, D ) are 
not included in any of the lineages or tribes and have simple 
trichomes. 
 Dendritic trichomes — Species with dendritic trichomes in 
lineage I include  Arabidopsis thaliana ,  Camelina microcarpa , 
 Capsella bursa-pastoris , and  Olimarabidopsis pumila (Camelin-
eae) ( Fig. 4A – D );  Anelsonia eurycarpa ,  Boechera platysperma , 
 Cusickiella quadricostata (Rollins) Rollins,  Phoenicaulis 
 Smelowskieae — Smelowskieae (lineage I) are monophyletic 
in all analyses. All trees support the sister relationship of 
 Smelowskia tibetica (Thomson) Lipsky and  S. calycina (Stephan 
ex Willd.) C. A. Mey ( Figs. 1 – 3 ).  Smelowskia annua Rupr. is 
sister to the clade formed by the other two species. 
 Thlaspideae — Thlaspideae are monophyletic in  ndhF and 
combined analyses, but not in  PHYA analyses, although mono-
phyly of the tribe is not rejected by the  PHYA data ( Table 3 , 
Thlaspideae, AU  P = 0.500). In the  PHYA phylogeny,  Alliaria 
petiolata (M. Bieb.) Cavara  & Grande and  Thlaspi arvense L. 
are sister taxa (Thlaspideae 1,  Fig. 1 ), but  Pseudocamelina 
campylopoda Bornm.  & Gauba ex Bornm. (Thlaspideae 2) is 
sister to the clade that includes Eutremeae, Thlaspideae 1, and 
 Goldbachia laevigata (support for most of these relationships is 
weak). 
 Unplaced taxa — Asta schaffneri ,  Biscutella didyma L.,  Cre-
molobus subscandens Kuntze,  Idahoa scapigera , and  Lunaria 
annua are not included in any of the tribes previously described 
due to the lack of phylogenetic resolution in  ndhF analyses 
( Fig. 2 ). In the  PHYA tree, the two copies of  Idahoa scapigera 
occur in different positions, and each placement receives some 
statistical support ( Fig. 1 ). One copy is sister to  Cremolobus 
subscandens , a relationship similar to that in the  ndhF tree ( Fig. 
2 ). The second copy of  I. scapigera PHYA forms a clade with 
 Asta schaffneri ,  Heliophila sp., and  Schizopetalon rupestre , a 
relationship not recovered in the  ndhF tree. The branch lengths 
of all of these taxa are relatively long, while the branches sup-
porting relationships among these taxa are relatively short ( Fig. 
1 ). In addition, monophyly for the two copies of  I. scapigera is 
not rejected by  PHYA data ( Table 3 ,  Idahoa , AU  P = 0.111). 
The confl icting signal for the placement of  A. schaffneri ,  C. 
subscandens ,  Heliophila sp., and  I. scapigera is apparent from 
the lack of support for the monophyly of this group in the com-
bined analysis ( Fig. 3 ). A similar situation occurs in efforts to 
place  Lunaria annua , which is sister to  Farsetia aegyptica in 
the  PHYA and combined trees, but is sister to  B. didyma , with 
low support, in  ndhF trees. 
 Trichome SEM and evolutionary hypothesis test-
ing — Trichome producing species sampled in both the phylo-
genetic and SEM studies were classifi ed as having either simple, 
dendritic, medifi xed, or stellate trichomes ( Fig. 3 ). Simple 
trichomes grow away from the epidermal surface and are un-
branched. Dendritic trichomes have a distinct stalk that grows 
away from the epidermal surface, and tree-like branches, some 
of which continue to grow vertically, away from the epidermal 
surface. In medifi xed and stellate trichomes, the stalk is greatly 
reduced, or in some cases absent, and the branches grow paral-
lel to the epidermal surface. Medifi xed trichomes have only two 
branching arms that grow away from the point of attachment to 
the epidermis. In contrast, stellate trichomes can have as many 
as 30 branches and these emanate from a central point. In some 
stellate trichomes, the branches are themselves branched, but 
the trichome remains nearly radially symmetric. 
 Fig. 2.  PHYA and  ndhF parsimony ratchet trees showing tribes and lineages. Lines connect taxa whose placement differs between the two topologies. 
Thickened lines indicate branches supported by Bayesian posterior probability  ≥ 0.95, parsimony bootstrap  ≥ 80%, and likelihood bootstrap  ≥ 80%.  Al-
Shehbaz et al. (2006) provisionally placed several species in the tribe Euclidieae based on morphological characters (indicated by an asterisk); the tribe is 
delineated sensu lato to include these species. 
←
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Eutremeae, Halimolobeae, Hesperideae, Isatideae, Lepidieae, 
Noccaeeae, and Smelowskieae) is increased as a result of the 
 ndhF – PHYA analyses. In contrast, the monophyly of four tribes 
(Camelineae, Descurainieae, Physarieae, and Schizopetaleae) 
differs between the  ndhF and  PHYA phylogenies, and thus these 
tribes require future phylogenetic study. 
 Tribal delimitations — Most tribes in  PHYA and combined 
phylogenetic analyses are monophyletic and thus do not dis-
agree with phylogenies inferred from  ndhF data alone. In con-
trast, several tribes are not monophyletic in the  PHYA and 
combined phylogenetic analyses, suggesting that the taxonomy 
of these tribes requires careful reconsideration. 
 Lineage I — Camelineae, Boechereae, Halimolobeae, and Phy-
sarieae are each monophyletic in  ndhF and combined phyloge-
nies, and together they form a well-supported clade, with 
Physarieae sister to the other three tribes. Physarieae are mono-
phyletic in the ITS phylogenetic analyses ( Bailey et al., 2006 ), 
and members of the tribe produce pollen with more than three 
colpi per pollen grain, a form unique in the family.  PHYA data 
do not reject the potential monophyly of Physarieae. In con-
trast, Camelineae are not monophyletic in either the ITS or su-
permatrix tree of  Bailey et al. (2006) , although the species of 
Camelineae sampled are not resolved as members of other 
tribes. While Camelineae are not supported as monophyletic in 
 PHYA trees,  Camelina microcarpa ,  Capsella bursa-pastoris , 
and  Catolobus pendula form a strongly supported monophyl-
etic group in  ndhF ,  PHYA , and combined trees ( Figs. 1 – 3 ). 
Similarly, the genus  Arabidopsis is monophyletic in  PHYA and 
all other family level phylogenetic studies ( Bailey et al., 2006 ; 
 Beilstein et al., 2006 ;  Koch et al., 2007 ). 
 The failure of Camelineae to form a monophyletic group in 
 PHYA and ITS phylogenies contrasts with the strong support 
for the monophyly of the tribe in phylogenies generated from 
 ndhF data. Incongruence between nuclear ( PHYA , ITS) and 
chloroplast ( ndhF ) phylogenies could result either from incom-
plete lineage sorting of nuclear gene alleles in the case of  PHYA 
or incomplete ribosomal gene conversion in ITS. Alternatively, 
a history of hybridization and introgression between members 
of Camelineae, Physarieae, or other lineage I taxa could lead to 
discordant plastid and nuclear phylogenies. However, because 
the monophyly of Camelineae is not rejected by  PHYA data 
( Table 3 ), additional sampling may still confi rm the monophyly 
of the tribe. Whatever process is leading to the different phylo-
genetic results between sampled nuclear and chloroplast mark-
ers, the tribe requires additional data to elucidate relationships 
among its members and thus to infer the closest relatives of 
 Arabidopsis . 
 Lineage II — The monophyly of lineage II, comprising Bras-
siceae, Isatideae, Schizopetaleae, and Sisymbrieae, is well es-
tablished in the  ndhF ,  PHYA, and combined  ndhF / PHYA 
phylogenies, although the markers differ in regard to the mono-
phyly of Schizopetaleae and Sisymbrieae. The placement of 
 Schizopetalon rupestre outside lineage II makes Schizopet-
aleae paraphyletic in  PHYA phylogenies, but it is supported as 
cheiranthoides , and  Polyctenium fremontii (S. Wats.) Greene 
(Boechereae) ( Fig. 5A – E );  Mancoa hispida Wedd. and  Pennel-
lia brachycarpa (Halimolobeae) ( Fig. 5F, G );  Descurainia so-
phia (Descurainieae) ( Fig. 6A );  Smelowskia calycina and  S. 
annua (Smelowskieae) ( Fig. 6C, D ); and  Dimorphocarpa wisli-
zenii (Physarieae) ( Fig. 6E ). 
 The only lineage II taxon with dendritic trichomes is  Schizo-
petalon rupestre ( Fig. 9A ). However, the position of  S. rupestre 
differs among the  PHYA ( Fig. 1 ),  ndhF ( Fig. 2 ), and combined 
( Fig. 3 ) trees, with the taxon falling outside lineage II in the 
 PHYA tree but within the lineage in the two latter trees. 
 Lineage III species with dendritic trichomes include  Matthi-
ola farinosa ,  M. integrifolia ,  Oreoloma violaceum , and  Sterig-
mostemum acanthocarpum (Anchonieae) ( Fig. 7B – E );  Hesperis 
matronalis (Hesperideae) ( Fig. 7H );  Euclidium syriacum (L.) 
R. Br.,  Neotorularia korolkowii (Regel  & Schmalh.) Hedge  & 
J. L é onard,  Sisymbriopsis mollipila (Maxim.) Botsch.,  Strigo-
sella africana Botsch., and  Tetracme pamirica Vassilcz. (Eu-
clidieae) ( Fig. 8C – E, G, I ). 
 Taxa not included in any of the three lineages but which have 
dendritic trichomes include  Arabis alpina L.,  Aubrieta del-
toidea , and  Baimshania pulvinata Al-Shehbaz (Arabideae) 
( Fig. 10A – C ); and  Alyssum canescens (Alysseae) ( Fig. 10G ). 
 Medifi xed trichomes — Species with medifi xed trichomes 
 include lineage I taxa  Erysimum capitatum and  Stenopetalum 
nutans F. Muell. (Camelineae) ( Fig. 4E, F ), lineage III taxon 
 Rhammatophyllum erysimoides (Euclidieae) ( Fig. 8F ), and 
 Farsetia aegyptica and  Lobularia maritima (Alysseae) ( Fig. 
10H, I ). 
 Stellate trichomes — Species with stellate trichomes include 
lineage I taxa  Physaria fl oribunda and  P. rosei (Physarieae) 
( Fig. 6F, G ), and  Clypeola aspera ,  Fibigia suffruticosa ,  Alys-
sum linifolium ( Fig. 10D – F ) (Alysseae), which do not fall 
within any of the three major lineages. 
 DISCUSSION 
 Data from the nuclear marker  PHYA further our understand-
ing of phylogenetic relationships in Brassicaceae by increasing 
confi dence in the lineages and tribes inferred from the chloro-
plast marker  ndhF . Aethionemeae are sister to all other Brassi-
caceae, as in earlier studies ( Galloway et al., 1998 ;  Koch et al., 
2001 ). More importantly, data from  ndhF and  PHYA support 
the recognition of three lineages in the family, each consisting 
of several tribes (lineages I – III,  Figs. 1 – 3 ). These lineages are 
the only well-supported groups above the level of tribe in any 
family level phylogenetic study to date. Furthermore, the sup-
port for all three lineages is unique to this study. The three lin-
eages occur but receive  < 50% bootstrap support in the  trnL / trnF 
phylogenetic analysis ( Koch et al., 2007 ). Both lineages I and II 
are resolved in the supermatrix analysis of  Bailey et al. (2006) , 
but only lineage I receives consensus bootstrap support  > 50%. 
Confi dence in the monophyly of 13 tribes (Aethionemeae, 
 Arabideae, Boechereae, Brassiceae, Cardamineae, Euclidieae, 
 Fig. 3.  Bayesian mixed model tree of  ndhF / PHYA combined data showing tribes and lineages. Nonmonophyletic tribes are labeled in color. Numbers 
above branches are Bayesian posterior probabilities and parsimony bootstrap values. Trichome morphology follows taxon names: D = dendritic; M = medi-
fi xed; S = simple; St = stellate;  – = glabrous. 
←
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Africa (Al-Shehbaz et al., 2006).The  ndhF and combined data 
fully agree with the ITS and  trnL-F sequence data ( Warwick et 
al., 2002 ,  2006 ) that suggested reduction of  Schoenocrambe 
(formerly  Schoenocrambe linifolia (Nutt.) Greene) ( Warwick 
and Al-Shehbaz, 2003 ) to synonymy of  Sisymbrium, making  S. 
linifolium the only member of the genus and tribe native to 
North America. Note that other species formerly placed in  Si-
symbrium , including North American taxa, have been trans-
ferred to genera of Schizopetaleae ( Warwick et al., 2006 ). 
 The  PHYA data indicate a history of duplication events in 
lineage II taxa. Two monophyletic groups of  PHYA sequences 
were found among species in the tribe Schizopetaleae (exclud-
ing  Schizopetalon rupestre ) (1 and 2,  Fig. 1 ), and topology tests 
forcing monophyly for clones recovered from individual spe-
cies are signifi cantly less likely than the unconstrained tree for 
most Schizopetaleae species ( Table 3 ). In contrast to other sam-
pled Schizopetaleae, both clones of  Neuontobotrys elloanensis 
are in the same monophyletic group and thus could be evidence 
of either a species-specifi c duplication event or of additional 
duplication events in the history of Schizopetaleae that were 
either lost or not recovered from other species of the tribe. 
When Schizopetaleae  PHYA clade 1 sequences are removed for 
comparisons with  ndhF trees,  Hesperidanthus jaegeri , from 
which only a single  PHYA copy was recovered, falls outside the 
Schizopetaleae but remains fi rmly placed within lineage II. 
Similarly, when Schizopetaleae  PHYA clade 2 is removed, the 
species  Streptanthus squamiformis , also represented by a single 
monophyletic in  ndhF phylogenies. Neither the supermatrix 
nor ITS data set ( Bailey et al., 2006 ) includes  S. rupestre , pre-
cluding comparisons. The tribe, excluding  S. rupestre , is mono-
phyletic in  PHYA trees. Thus,  S. rupestre is the only statistically 
signifi cant point of disagreement between  ndhF and  PHYA 
phylogenies for the tribe ( Table 3 ). Except for  Pringlea anti-
scorbutica R. Br. ex Hook. f. (not sampled here), which is re-
stricted to islands in the South Indian Ocean, species in the tribe 
are distributed only in the Americas ( Al-Shehbaz et al., 2006 ). 
Floral morphology is the most diverse of any tribe in the family 
and includes variation in fi lament length, presence vs. absence of a 
gynophore, channeled or crisped petals, and erect sepals that 
form a fl oral tube, especially in  Streptanthus and  Caulanthus 
( Al-Shehbaz et al., 2006 ). The species of  Schizopetalon are re-
stricted to southern reaches of the Andes and produce fl owers 
with highly divided petals and a corolla tube formed by the 
erect sepals. Thus, both the distribution and fl oral morphology 
of  S. rupestre suggest the species is a member of the Schizopet-
aleae. In contrast, species of  Schizopetalon differ from other 
sampled Schizopetaleae taxa by producing dendritic, rather 
than simple, trichomes ( Fig. 9A ). Either the  ndhF or  PHYA se-
quence could be a sequencing error, but additional accessions 
of  S. rupestre , and other species of the genus, are required to 
test this possibility. A better understanding of the limits of 
Schizopetaleae (sensu  Al-Shehbaz et al., 2006 ) requires addi-
tional sampling of  Schizopetalon Sims, and the putative sister 
genus  Mathewsia Hook.  & Arn. 
 Sisymbrieae include about 40 species, all of which are now 
placed in  Sisymbrium .  Sisymbrieae have terete fruits and simple 
trichomes ( Fig. 9B ) and are distributed primarily in Eurasia and 
 Table 2. Tribal monophyly (mono), paraphyly (para), or polyphyly 
(poly) among topologies inferred from  ndhF ,  PHYA , and combined 
data for Brassicaceae. Distinctions between para- and polyphyly are 
dependent upon the resolution of polytomies and taxon sampling in 
some trees. NA = Not applicable because only a single accession of 
the tribe is included in this study. 
Topology / (algorithm) / Fig. no.
Tribe
 PHYA (likelihood) 








 Fig. 2 
Combined 
(Bayes) 
 Fig. 3 
Aethionemeae mono mono mono mono
Alysseae poly poly poly poly
Anchonieae poly poly para poly
Arabideae mono mono mono mono
Boechereae mono mono mono mono
Brassiceae mono mono mono mono
Camelineae poly poly mono mono
Cardamineae mono mono mono mono
Chorisporeae NA NA NA NA
Descurainieae poly para mono poly
Euclidieae s. l. mono mono mono mono
Eutremeae mono para mono mono
Halimolobeae mono mono mono mono
Heliophileae NA NA NA NA
Hesperideae mono mono mono mono
Isatideae mono mono mono mono
Lepidieae mono mono mono mono
Noccaeeae mono mono mono mono
Physarieae poly para mono mono
Schizopetaleae poly poly mono mono
Sisymbrieae para para mono mono
Smelowskieae mono mono mono mono
Thlaspideae para para mono mono
 Table 3. Approximately unbiased (AU) topology test results for 
Brassicaceae  PHYA data. Tribal constraint trees test the potential 
monophyly of the tribes that are not monophyletic in the unconstrained 
likelihood tree ( PHYA [unconstrained]) ( Fig. 1 ). Due to the placement 
of  Schizopetalon rupestre outside the tribe Schizopetaleae in the 
unconstrained tree, the potential monophyly of the Schizopetaleae, 
excluding  S. rupestre , was also tested (Schizopetaleae [excluding  S. 
rupestre ]). The lineage I topology tests the potential monophyly of 
lineage I, including the tribe Cardamineae and  Alyssum canescens . 
Statistically signifi cantly worse trees are those with  P values  < 0.05 
(boldface). 
Topology  – ln Likelihood  P 
Likelihood (unconstrained) 28761.7468







Schizopetaleae 28891.1922  0.005 




 Alyssum 28846.3033  0.005 
 Sisymbriopsis 28886.0311  0.000 
Species
 Caulanthus crassicaulis 28834.6523  0.015 
 Hesperidanthus suffrutescens 28850.4011  0.005 
 Idahoa scapigera 28794.4462 0.111
 Mostacillastrum orbignyanum 28897.7768  0.000 
 Neuontobotrys elloanensis 28817.1520  0.034 
 Neuontobotrys frutescens 28898.1357  0.020 
 Romanschulzia sp. 28807.5953 0.084
 Stanleya pinnata 28920.7360  0.002 
 Thelypodium laciniatum 28778.2583 0.367
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more slowly than those of  B. oleracea and  H. incana . Alterna-
tively,  C. maritima may have undergone gene loss following 
the triplication event. Gene loss has been documented follow-
ing polyploidization in both  B. rapa and  B. oleracea ( Town 
et al., 2006 ;  Yang et al., 2006 ). 
 Lineage III — Lineage III is a primarily Asian radiation whose 
members have been largely omitted from other phylogenetic 
studies of Brassicaceae. The lineage contains Anchonieae, 
Chorisporeae, Euclidieae, and Hesperideae in all analyses; sup-
port is higher in the combined analysis than with either gene 
alone. However, Anchonieae sensu  Al-Shehbaz et al. (2006) is 
not monophyletic because  Chorispora tenella (Chorisporeae) 
and  Dontostemon senilis (Anchonieae 2) form a strongly sup-
ported clade in the  PHYA and combined trees ( Figs. 1 – 3 ), not 
immediately related to Anchonieae 1.  Diptychocarpus strictus 
(Chorisporeae) also falls in this clade in the published  ndhF tree 
( Beilstein et al., 2006 ), but is not included in the current analy-
ses. All three species have exclusively simple trichomes ( Fig. 
7A,  D. senilis ; 7F,  C. tenella ; not pictured,  D. strictus ). Con-
versely, Anchonieae 1 produce dendritic trichomes ( Fig. 7B – D ) 
and form a strongly supported group in all analyses. In the  ndhF 
analysis of  Beilstein et al. (2006) ,  Sterigmostemum acanthocar-
pum is a member of this clade and also has dendritic trichomes 
( Fig. 7E ).  Bunias orientalis (Anchonieae) is strongly supported 
as a member of lineage III in all trees, but is not supported as 
sister to other Anchonieae species, although it also has den-
dritic trichomes ( Beilstein et al., 2006 ).  Warwick et al. (2007) , 
in a comprehensive sample of ITS sequences from 101 species 
in Anchonieae, Euclidieae, Chorisporeae, and Hesperideae, re-
covered two distinct monophyletic lineages of Anchonieae. 
One includes species in the genus  Dontostemon (although  D. 
senilis was not included in the study), while the other includes 
species of  Matthiola and  Oreoloma . However,  Warwick et al. 
(2007) did not include  Bunias orientalis . Despite the strong 
support for the sister relationship of  D. senilis and  C. tenella in 
both  PHYA and combined trees, monophyly of Anchonieae is 
not rejected by either  PHYA or combined data ( Tables 2, 4 ). 
Nevertheless, the observation that  ndhF ,  PHYA , and ITS data 
place members of the tribe in distinct, nonmonophyletic lin-
eages makes the monophyly of the tribe highly suspect. 
 Phylogenies inferred from  ndhF ,  PHYA , and combined data 
support the expansion of the tribe Euclidieae to include  Chris-
tolea crassifolia ,  Dilophia salsa ,  Leiospora eriocalyx , and 
 Shangrilaia nana .  Al-Shehbaz et al. (2006) indicated that the 
latter three were likely members of Euclidieae based on the 
clone, falls outside Schizopetaleae, but remains a member of 
lineage II, indicating that paralogous copies of  PHYA are sam-
pled from  S. squamiformis and  H. jaegeri and thus explaining 
the nonmonophyly of Schizopetaleae (excluding  S. rupestre ). 
The paralogous copies may be the result of differential gene 
copy loss in  S. squamiformis and  H. jaegeri or may refl ect a 
failure to amplify additional, orthologous  PHYA copies from 
these taxa. 
 In another example,  Brassica oleracea and  Hirschfeldia in-
cana , members of the Brassiceae, are represented in the  PHYA 
phylogeny by two nonmonophyletic clones. In this case, each 
 B. oleracea clone is sister to a clone of  H. incana ( Fig. 1 ) (on-
line Appendix S2). The presence of at least two copies of  PHYA 
in  B. oleracea and  H. incana is consistent with evidence from 
comparative mapping and chromosome painting experiments 
that indicate a genome triplication event early in the history of 
the tribe Brassiceae (~17 – 18 Mya) ( Lagercrantz, 1998 ;  Lysak 
et al., 2005 ;  Parkin et al., 2005 ). Interestingly, the branch 
lengths of these clones are the longest of any of the sampled 
taxa, suggesting an accelerated rate of evolution. Conversely, 
the two  PHYA clones of  Cakile maritima , also a member of 
Brassiceae, form a monophyletic group sister to the duplicated 
copies of  B. oleracea and  H. incana and have branch lengths 
similar to those of other sampled taxa ( Fig. 1 ). In chromosome 
painting studies ( Lysak et al. 2005 ),  C. maritima shows evi-
dence of the triplication event that characterizes other Bras-
siceae. Thus, if  C. maritima contains more divergent copies of 
 PHYA , they were not among the sequenced clones, and the se-
quenced copies of  C. maritima PHYA are apparently evolving 
 Table 4. Approximately unbiased (AU) topology test results comparing differences among  ndhF ,  PHYA , and combined trees for each Brassicaceae 
data set. Well-supported nodes from the  ndhF ,  PHYA , and combined trees ( Figs. 1 – 2 , branches with thickened lines;  Fig. 3 , branches with PP  ≥ 0.95 
and PB  ≥ 80%) were used as constraints in phylogenetic analyses (e.g., heuristic searches of  PHYA and combined data were constrained to search 
only topologies in which the well-supported nodes of  ndhF were resolved). Statistically signifi cantly worse trees are those with  P values  < 0.05 
(boldface). 
Data set
Combined ( PHYA + ndhF )  ndhF  PHYA 
Topology  – ln Likelihood  P  – ln Likelihood  P  – ln Likelihood  P 
Combined 45043.210 17877.169  0.000 26270.861  0.000 
Combined well-supported nodes  –  – 17843.693  0.000 26192.585  0.000 
 ndhF 45325.572  0.000 17698.501 26715.387  0.000 
 ndhF well-supported nodes 45068.551 0.200  –  – 26333.091  0.000 
 PHYA 45366.081  0.000 18544.944  0.000 26033.908  0.003 
 PHYA well-supported nodes 45059.784 0.409 17857.944  0.000  –  – 
 Table 5. Approximately unbiased (AU) topology test results for 
Brassicaceae  ndhF / PHYA combined data. Tribal constraint trees 
test the potential monophyly of the tribes that are not monophyletic 
in the unconstrained combined tree ( Fig. 3 ). Scenarios of trichome 
evolution were tested by constraining searches of combined data to 
place all species producing medifi xed trichomes in a clade (medifi xed 
trichomes evolved once) or all species producing stellate trichomes 
in a clade (stellate trichomes evolved once). Statistically signifi cantly 
worse trees are those with  P values  < 0.05 (boldface). 
Combined ( ndhF +  PHYA ) topology  – ln Likelihood  P 
Combined (unconstrained) 45043.21
Alysseae 45097.35  0.022 
Anchonieae 45095.69  0.016 
Medifi xed trichomes evolved once 45513.41  0.000 
Stellate trichomes evolved once 45146.17  0.000 
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 Fig. 4.  Trichomes in Camelineae. Scale bar = 100  μ m. (A)  Arabidopsis thaliana , (B)  Camelina microcarpa , (C)  Capsella bursa-pastoris , (D)  Olimara-
bidopsis pumila , (E)  Erysimum capitatum , (F)  Stenopetalum nutans . 
 Fig. 5.  Trichomes in (A – E) Boechereae and (F – G) Halimolobeae. Scale bar = 100  μ m, unless otherwise noted. (A)  Anelsonia eurycarpa , (B)  Boechera 
platysperma , (C)  Cusickiella quadricostata , (D)  Phoenicaulis cheiranthoides , (E)  Polyctenium fremontii (scale bar = 50  μ m), (F)  Mancoa hispida , (G) 
 Pennellia brachycarpa . 
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 Fig. 6.  Trichomes in (A) Descurainieae, (B – D) Smelowskieae, (E – F) Physarieae, and (G) Lepidieae. Scale bar = 100  μ m, unless otherwise noted. (A) 
 Descurainia sophia , (B)  Smelowskia tibetica (scale bar = 50  μ m), (C)  Smelowskia calycina (scale bar = 50  μ m), (D)  S. annua (scale bar = 50  μ m), (E) 
 Dimorphocarpa wislizenii , (F)  Physaria fl oribunda , (G)  P. rosei , (H)  Lepidium alyssoides . 
 Fig. 7.  Trichomes in (A – E) Anchonieae, (F – G) Chorisporeae, and (H) Hesperideae. Scale bar = 100  μ m. (A)  Dontostemon senilis , (B)  Matthiola fa-
rinosa , (C)  Matthiola integrifolia , (D)  Oreoloma violaceum , (E)  Sterigmostemum acanthocarpum , (F)  Chorispora tenella , (G)  Diptychocarpus strictus , (H) 
 Hesperis matronalis . 
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 Alysseae are not monophyletic in  ndhF ,  PHYA , or combined 
analyses, and taxa currently classifi ed as Alysseae occur in three 
different regions of the  PHYA ( Fig. 1 ) and combined ( Fig. 3 ) 
trees. In  Beilstein et al. (2006) , the tribe (sensu  Schulz 1936 ) 
was represented by  Alyssum canescens ,  Farsetia aegyptica , and 
 Lobularia maritima , which did not form a monophyletic group. 
However, monophyly of the tribe was not rejected by the SH 
test ( Beilstein et al., 2006 ), so  Al-Shehbaz et al. (2006) retained 
the tribe pending further study. Sampling within Alysseae is ex-
panded in the current study by inclusion of  Alyssum linifolium , 
 Clypeola aspera , and  Fibigia suffruticosa , which form a mono-
phyletic group in  PHYA analyses, but are not closely related to 
either  A. canescens or  F. aegyptica (reliable  PHYA sequence 
was not obtained for  L. maritima ).  Bailey et al. (2006) also 
found evidence to segregate  L. maritima from other Alysseae. 
Furthermore,  F. aegyptica and  L. maritima are united by having 
medifi xed trichomes ( Fig. 10H, I ), while  Fibigia suffruticosa , 
 C. aspera , and  A. linifolium produce stellate trichomes ( Fig. 
10D – F ); the trichomes of  A. canescens are dendritic ( Fig. 10G ). 
Despite the polyphyly of the Alysseae in  ndhF ,  PHYA , and ITS 
phylogenies, the monophyly of the tribe is not rejected in topo-
logical tests of  PHYA data ( Table 3 ). However, the monophyly 
of the tribe is rejected by the AU test of the combined data ( Ta-
ble 5 ), and trichome morphology in combination with the lack 
of monophyly in trees inferred from all three data sets suggests 
that, as circumscribed in  Al-Shehbaz et al. (2006) , it consists of 
three independent lineages.  Warwick et al. (2008) recently re-
circumscribed Alysseae using ITS data and an expanded sample 
of species in  Alyssum as well as other putative Alysseae taxa. 
Their results agree with those presented here; the core Alysseae 
are defi ned by the genera  Clypeola ,  Fibigia , and several species 
of  Alyssum , including  A. linifolium , while both  Farsetia aegyp-
tica and  A. canescens (transferred to the genus  Ptilotrichum ) 
fall outside Alysseae ( Warwick et al., 2008 ). 
 Noccaeeae are monophyletic and sister to  Conringia persica 
in all analyses. In the ITS tree ( Bailey et al., 2006 )  Conringia 
presence of a mixture of simple and branched trichomes, in-
cumbent cotyledons, and two-lobed stigmas. However, the spe-
cies were only provisionally placed, pending additional 
molecular data. Inclusion of  Christolea crassifolia in the Eucli-
dieae is also required to maintain the monophyly of Euclidieae 
s.l.;  C. crassifolia is sister to  Dilophia salsa in all phylogenies, 
but with only weak support ( Figs. 1 – 3 ).  Warwick et al. (2007) 
also found support for Euclidieae s.l., as well as identifying an 
additional lineage in the tribe (Euclidieae II). The latter group 
( Warwick et al., 2007 ) includes several genera not sampled 
here, but included in the tribe in  Al-Shehbaz et al. (2006) based 
on morphology. 
 Taxa not included in lineages I – III — In addition to the Ae-
thionemeae, which are sister to all other Brassicaceae, several 
tribes are placed outside the three major lineages. The tribes 
Eutremeae, Thlaspideae, and the species  Goldbachia laevigata 
form a monophyletic group in  PHYA and combined phyloge-
nies, but with support only in the Bayesian analysis of com-
bined data (PP 0.99) and not in the parsimony bootstrap analysis 
(PB 56%). Thlaspideae themselves are not monophyletic in 
 PHYA analyses, due to the placement of  Pseudocamelina 
campylopoda as sister to the clade formed by the Eutremeae and 
Thlaspideae. However, monophyly of the tribe is not rejected 
by  PHYA data ( Table 3 ), and its monophyly is well supported in 
 ndhF and combined trees. The position of  Goldbachia laevigata 
is unresolved in the ITS phylogeny ( Warwick et al., 2007 ) and 
thus does not contradict its placement with the tribes Thlaspi-
deae and Eutremeae here. Although the positions of Eutremeae 
and Thlaspideae relative to one another are unresolved in the 
 ndhF tree ( Fig. 2 ), species in the two tribes share the same base 
chromosome number ( x = 7) and palmately veined leaves ( War-
wick et al., 2007 ). Thus, evidence from morphology, cytology, 
and phylogeny supports the sister relationship, but confi dence 
in the relationship requires additional phylogenetic study, which 
should include species in the genus  Goldbachia . 
 Fig. 8.  Trichomes in Euclidieae. Scale bar = 100  μ m. (A)  Christolea crassifolia , (B)  Desideria linearis , (C)  Euclidium syriacum , (D)  Strigosella afri-
cana , (E)  Neotorularia korolkowii , (F)  Rhammatophyllum erysimoides , (G)  Sisymbriopsis mollipila , (H)  S. yechengnica , (I)  Tetracme pamirica . 
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and branched trichomes has also occurred frequently in Eucli-
dieae ( Fig. 8 ). Thus, the information on trichome branching 
added here substantiates previous analyses, which suggest that 
branching likely evolved numerous times in the family ( Beil-
stein et al., 2006 ) and that nearly identical branching patterns 
in trichomes from distantly related species are the result of con-
vergent evolution (online Appendix S3). 
 Previous analyses suggested that stellate and medifi xed 
trichomes may each have a single origin within Brassicaceae, a 
hypothesis that was not rejected by the SH topology tests of the 
 ndhF data ( Beilstein et al., 2006 ). However, neither medifi xed- 
nor stellate-trichome-producing species form a monophyletic 
group in any of our analyses. For example,  Erysimum capitatum 
( Fig. 4E ) (Camelineae),  Farsetia aegyptica ( Fig. 10H ) (Alys-
seae), and  Rhammatophyllum erysimoides ( Fig. 8F ) have medi-
fi xed trichomes and belong to different tribes and lineages. In 
contrast to  ndhF analyses of trichome evolution, the combined 
data reject the hypothesis that medifi xed trichomes had a single 
origin ( Table 5 ). The sample of species with medifi xed trichomes 
is the same in the current and previous studies, suggesting that 
addition of  PHYA sequence data increased the disparity between 
the most likely tree and the constrained tree enough that the two 
hypotheses are signifi cantly different by the AU test. The sample 
of species with stellate trichomes is expanded in the current 
study by addition of phylogenetic data for  Alyssum linifolium , 
 Clypeola aspera , and  Fibigia suffruticosa (Alysseae) ( Fig. 
10D – F ), and  Physaria rosei (Physarieae) ( Fig. 6G ). The previ-
ously published  ndhF analysis included only  P. fl oribunda ( Fig. 
6F ) (Physarieae) and  Alyssum canescens (Alysseae) ( Beilstein 
et al., 2006 ). Trichomes in  A. canescens , however, are classifi ed 
as dendritic in the current study because SEM studies of  A. cane-
scens trichomes show that they have a pronounced stalk and that 
the trichome branches do not radiate from a central point ( Fig. 
10G ). Despite the reclassifi cation of  A. canescens , more species 
with stellate trichomes are included in the current analysis, and 
the AU test results reject the single origin hypothesis ( Table 5 ). 
 Conclusions — The  PHYA analysis presented here is the most 
highly resolved and well-supported phylogeny of a nuclear-
coding gene of the plant family Brassicaceae to date. In addi-
tion,  ndhF and  PHYA are protein-coding genes, allowing 
sequence data to be aligned at the amino acid level and thus 
providing confi dence in the homology of analyzed characters. 
Both the  PHYA and combined trees confi rm the monophyly of 
the majority of the recently delimited tribes ( Al-Shehbaz et al., 
2006 ) and support recognition of three lineages in the family, 
perfoliata (C. A. Mey.) N. Busch. is monophyletic with species 
of Noccaeeae. Thus, phylogenetic evidence suggests Nocca-
eeae could be expanded to include  C .  persica and  C. perfoliata 
and perhaps other species of  Conringia . The relationship of 
 Conringia plus Noccaeeae to other tribes of the family is not 
well resolved and lacks support in  ndhF phylogenies ( Fig. 2 ) 
( Beilstein et al., 2006 ) and in the  PHYA tree ( Fig. 1 ). The com-
bined tree ( Fig. 3 ) resolves the same clade as that found in the 
 PHYA tree ( Fig. 1 ), and the relationship receives signifi cant 
Bayesian support (PP 0.98) but low bootstrap support (PB  < 
50%). Thus, the relationship of Noccaeeae to other tribes of the 
family requires additional phylogenetic study. 
 The relationships of several species whose placement in the 
 ndhF analyses was either unresolved or received low support 
remain problematic in  PHYA and combined  ndhF / PHYA analy-
ses. For example,  Biscutella didyma is well resolved as a mem-
ber of the large Brassicaceae clade sister to the Aethionemeae 
in all trees, but its position within this clade is unresolved. In 
contrast,  Asta schaffneri ,  Heliophila sp.,  Idahoa scapigera , and 
 Schizopetalon rupestre form a monophyletic group in  PHYA 
analyses ( Fig. 1 ), although neither the  ndhF nor combined tree 
shows this relationship. The branches leading to each of these 
species are relatively long compared with the length of the 
branch supporting the relationship ( Fig. 1 ), suggesting the pos-
sibility that the relationship is due to long-branch attraction. 
Thus, the putative association of these taxa with one another 
requires further phylogenetic exploration. 
 Trichome SEM and evolution — Trichome morphology is la-
bile in Brassicaceae. In particular, distantly related species often 
share the same trichome branching pattern, while closely re-
lated species can have dramatically different branching patterns 
( Fig. 3 ) (online Appendix S3). For example, branching patterns 
are identical in  Arabidopsis thaliana ( Fig. 4A ) and  Olimara-
bidopsis pumila ( Fig. 4D ), relatively closely related members 
of Camelineae, as well as in the more distantly related  Strigo-
sella africana ( Fig. 8D ) (Euclidieae) and  Aubrieta deltoidea 
( Fig. 10B ) (Arabideae). Similarly, highly branched, dendritic 
trichomes occur in species from numerous tribes, including Al-
ysseae ( Fig. 10H ), Anchonieae ( Fig. 7B – D ), Boechereae ( Fig. 
5A, D ), Descurainieae ( Fig. 6A ), Euclidieae ( Fig. 8E ), Schizo-
petaleae ( Fig. 9A ), and Smelowskieae ( Fig. 6C, D ), among oth-
ers. Conversely,  Smelowskia calycina and  S. tibetica are sister 
species ( Figs. 1 – 3 ), although  S. calycina ( Fig. 6C ) has highly 
branched dendritic trichomes and  S. tibetica ( Fig. 6B ) has both 
simple and dendritic trichomes. The transition between simple 
 Fig. 9.  Trichomes in (A)  Schizopetalon rupestre (Schizopetaleae), (B)  Sisymbrium altissimum (Sisymbrieae), (C)  Biscutella didyma (no tribal designa-
tion), and (D)  Cremolobus subscandens (no tribal designation). Scale bar = 100  µ m. 
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each of which is comprised of several tribes. Furthermore, the 
interpretation of results benefi ts from independent, thorough 
phylogenetic analyses of  ndhF and  PHYA data, thus providing 
a greater understanding of the resolution afforded by each 
marker and permitting detailed examination of topological dis-
agreements between the individual markers and between results 
from the single gene and the combined analysis. Topological 
disagreements between  ndhF and  PHYA highlight the need for 
future phylogenetic study in Camelineae, which contains  Ara-
bidopsis thaliana , as well as in Descurainieae, Physarieae, and 
Schizopetaleae. 
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 Appendix 1 . Taxa used in this study, GenBank accession number for  ndhF sequence, GenBank accession number for  PHYA sequence; and voucher information. 
Greenhouse-grown specimens cultivated at the Missouri Botanical Garden or elsewhere are noted after the voucher information. I-A Exp = Iranian – American 
Expedition (collection date follows). Voucher specimens are deposited in the following herbaria: Arnold Arboretum, Harvard University = A, Kunming Institute 
of Botany = KUN, Missouri Botanical Garden = MO, Tehran University = TUH, University of California = UC, University of Utah = UT, and University of 
Wisconsin = WIS. Some species have been placed in synonymy or transferred to other genera since the publication of the  ndhF tree of  Beilstein et al. (2006) . 
When species names in GenBank differ between  Beilstein et al. (2006) and the current work, the species designation of  Beilstein et al. (2006) follows the 
GenBank accession number for the  ndhF sequence. The  ndhF and  PHYA sequences of  Arabidopsis thaliana were downloaded from GenBank and not generated 
during this study, thus collection number and voucher information are not given. Sequence alignments and trees produced during this study can be found on 
TreeBASE (htto://www.treebase.org, study accession S2106). 
 Taxon ; GenBank accessions:  ndhF ( ndhF taxon name);  PHYA ;  Voucher specimen , Collection locale; Herbarium. 
 Aethionema saxatile (L.) R. Br.; DQ288726; EU915077;  Beilstein 03-177 , USA, 
MO, cultivated; MO.  Alliaria petiolata (M. Bieb.) Cavara  & Grande; 
DQ288727; EU915078;  Beilstein 02-91 , USA, MI; MO.  Alyssum 
canescens DC.; DQ288728; EU915079;  Bartholomew et al. 8657 , China, 
Xinjiang; MO.   A. linifl olium Steph. ex Willd.; no  ndhF ; EU915080; 
I-A Exp., 20 May 2004, Iran; UC  & TUH.   Arabidopsis lyrata (L.) 
O ’ Kane  & Al-Shehbaz; DQ288730; EU915081;  Beilstein s.n. , USA, 
MO; MO.  A. thaliana (L.) Heynh.; NC000932; EU915082.  Arabis 
alpina L.; DQ288731; EU915083;  Beilstein s.n. , USA, MO, cultivated; 
MO.   Asta schaffneri (S. Wats.) O. E. Schulz; DQ288733; EU915084; 
 Fuentes-Soriano 48 , Mexico, Nuevo Leon; MO.  Aubrieta deltoidea 
(L.) DC.; DQ288734; EU915085;  Al-Shehbaz s.n. , cultivated; MO.  A. 
parvifl ora Boiss.; DQ288735; EU915086; I-A Exp., 23 May 2004, Iran; 
UC  & TUH. 
 Baimshania pulvinata Al-Shehbaz; DQ288736; EU915087;  Al-Shehbaz 
20026 , China, Yunnan; MO.  Barbarea vulgaris R. Br.; DQ288737; 
EU915088;  Beilstein 01-04 , USA, MO; MO.  Biscutella didyma L.; 
DQ288738; EU915089;  Beilstein 01-82 , USA, MO; MO.  Boechera 
platysperma (A. Gray) Al-Shehbaz; DQ288740; EU915090;  Beilstein 
01-57 , USA, NV; MO.  B. shortii (Fernald) Al-Shehbaz; DQ288741; 
EU915091;  Al-Shehbaz s.n. , USA, MO; MO.  Brassica oleracea L.; 
DQ288742; EU915092, EU915093;  Beilstein s.n. , broccoli cv.; MO.  
 Bunias orientalis L.; DQ288744; EU915094; I-A Exp., 28 May 2004, 
Iran; UC  & TUH. 
 Cakile maritima Scop.; DQ288745; EU915095;  Beilstein 01-76 , USA, CA; 
MO.  Camelina microcarpa Andrz. ex DC.; DQ288746; EU915096; 
 Beilstein 01-22 , USA, NM; MO.  Capsella bursa-pastoris (L.) Medik.; 
DQ288748; EU915097;  S. Mathews 492 , USA, MO; MO.  Cardamine 
pulchella (Hook. f.  & Thomson) Al-Shehbaz  & G. Yang; DQ288749; 
EU915098;  Solomon et al. 20021 , Yunnan, China; MO.  Catolobus 
pendula (L.) Al-Shehbaz; DQ288732; EU915099;  Bartholomew et al. 
8569 , China, Xinjiang; MO.  Caulanthus crassicaulis (Torr.) S. Wats.; 
DQ288750; EU915100, EU915101;  Beilstein 01-50 , USA, UT; MO.  
 Chalcanthus renifolius Boiss.; DQ288752; EU915102; I-A Exp., 26 May 
2005, Iran; UC  & TUH.  Chorispora tenella (Pallas) DC.; DQ288753; 
EU915103;  Beilstein 01-85 , USA, MO cultivated; MO.  Christolea 
crassifolia Cambes.; DQ288754; EU915104;  Bartholomew et al. 
8302 , China, Xinjiang; MO.  Clypeola aspera Turrill; EU907360; 
EU915105; I-A Exp., 20 May 2004, Iran; UC  & TUH.   Conringia 
persica Boiss.; DQ288756; EU915106; I-A Exp., 20 May 2004, Iran; UC 
 & TUH.  Cremolobus subscandens Kuntze; DQ288757; EU915107; 
 Beck 7270 , Bolivia, Chapare; MO.  Cusickiella quadricostata (Rollins) 
Rollins; DQ288758; EU915108;  Beilstein 01-66 , USA, CA; MO. 
 Descurainia sophia (L.) Webb; DQ288759; EU915109;  Beilstein 01-19 , USA, 
NM; MO.  Desideria linearis (N. Busch) Al-Shehbaz; DQ288760; 
EU915110;  Bartholomew et al. 8461 , China, Xinjiang; MO.  Dilophia 
salsa Thomson; DQ288761; EU915111;  Bartholomew et al. 8456 , China, 
Xinjiang; MO.  Dimorphocarpa wislizenii (Englem.) Rollins; DQ288763; 
EU915112;  Beilstein 01-12 , USA, OK; MO.   Dontostemon senilis Maxim.; 
DQ288764; EU915113;  Bartholomew et al. 8642 , China, Xinjiang; MO. 
 Erysimum capitatum (Douglas ex Hook.) Greene; DQ288766; EU915114; 
 Beilstein 01-20 , USA, NM; MO.  Euclidium syriacum (L.) R. Br.; 
DQ288767; EU915115; I-A Exp., 2 June 2004, Iran; UC  & TUH.  
 Eutrema altaicum (C. A. Mey.) Al-Shehbaz  & Warwick; DQ288836 
( Taphrospermum altaicum ); EU915116;  Bartholomew et al. 8485 , 
China, Xinjiang; MO.   E. heterophyllum (W. W. Sm.) H. Hara; 
DQ288768; EU915117;  Bartholomew et al. 8490 , China, Xinjiang; 
MO.   Exhalimolobos weddellii (Griseb.) Al-Shehbaz  & C. D. Bailey; 
DQ288773 ( Halimolobus montanum ); EU915118;  Beilstein 03-107 , 
Argentina, Cordoba; MO. 
 Farsetia aegyptiaca Desv.; DQ288769; EU915119;  Beilstein 01-88 , USA, MO, 
cultivated; MO.   Fibigia suffruticosa Sweet; EU907361; EU915120; 
I-A Exp., 26 May 2004, Iran; UC  & TUH. 
 Goldbachia laevigata (M. Bieb.) DC.; DQ288771; EU915121;  Bartholomew 
et al. 8300 , China, Xinjiang; MO. 
 Heliophila sp. Burm. f. ex L.; DQ288775; EU915122;  Burge 1031 , South 
Africa; MO.   Hesperidanthus jaegeri (Rollins) Al-Shehbaz; 
DQ288751 ( Caulostramina jaegeri ); EU915123;  Beilstein 01-74 , 
USA, CA; MO.  H. suffrutescens (Rollins) Al-Shehbaz; DQ288770 
( Glaucocarpum suffrutescens ); EU915124, EU915125;  Beilstein 01-
54 , USA, UT; MO.   Hesperis matronalis L.; DQ288776; EU915126; 
 Beilstein 01-86 , USA, MO cultivated; MO.  Hesperis sp. nov. Al-
Shehbaz; DQ288777; EU915127; I-A Exp., collected May 2004, Iran; UC 
 & TUH.  Hirschfeldia incana (L.) Lagr.-Foss.; DQ288778; EU915128, 
EU915129;  Beilstein 03-117 , Argentina, Cordoba; MO.  Hornungia 
procumbens (L.) Hayek; DQ288779; EU915130;  Bartholomew et al. 
9546 , China, Xinjiang; MO. 
 Ianhedgea minutifl ora (Hook. f.  & Thomson) Al-Shehbaz  & O ’ Kane; 
DQ288780; EU915131;  Solomon et al. 21646 , Tajikistan, Badakhson; 
MO.   Idahoa scapigera (Hook.) A. Nelson  & J. F. Macbr.; DQ288782; 
EU915132, EU915133;  Baum 365 , USA, WA; A.   Iodanthus 
pinnatifi dus (Michx.) Steudel; DQ288784; EU915134;  Beilstein 01-01 , 
USA, MO; MO.   Isatis tinctoria L.; DQ288786; EU915135;  Beilstein 
02-89 , USA, MO cultivated; MO. 
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 Leiospora eriocalyx (Regel  & Schmalh.) F. Dvo  á k; DQ288788; EU915136; 
 Bartholomew et al. 8430 , China, Xinjiang; MO.  Lepidium alyssoides 
A. Gray; DQ288789; EU915137;  Beilstein 01-51 , USA, UT; MO.  L. 
draba L.; DQ288790; EU915138;  Beilstein 01-24 , USA, NM; MO.  
 Lunaria annua L.; DQ288792; EU915139;  Al-Shehbaz s.n. , USA, MO 
cultivated; MO. 
 Mancoa hispida Wedd.; DQ288794; EU915140;  Beilstein 03-151 , Argentina, 
Jujuy; MO.  Matthiola farinosa Bunge ex Boiss.; DQ288796; EU915141; 
I-A Exp., 21 May 2004, Iran; UC  & TUH.  M. integrifolia Kom.; 
DQ288795; EU915142;  Solomon et al. 21374 , Tajikistan, Badakhshon; 
MO.  Moriera spinosa Boiss.; DQ288798; EU915143; I-A Exp., 20 May 
2004, Iran; UC  & TUH.  Mostacillastrum orbignyanum (E. Fournier) 
Al-Shehbaz; DQ288799 ( M. elongatum ); EU915144, EU915145; 
 Beilstein 03-144 , Argentina, Tucuman; MO.  Myagrum perfoliatum L.; 
DQ288800; EU915146; I-A Exp., 2 May 2004, Iran; UC  & TUH. 
 Neotorularia korolkowii (Regel  & Schmalh.) Hedge  & J. L é onard; DQ288803; 
EU915147;  Bartholomew et al. 8220 , China, Xinjiang; MO.  Nerisyrenia 
johnstonii J. D. Bacon; EU907362; EU915148;  Fuentes-Soriano 20 , 
Mexico, Coahuila; MO.   Neuontobotrys elloanensis Al-Shehbaz; 
DQ288802; EU915149, EU915150;  Beilstein 03-165 , Chile, Region II; 
MO.   N. frutescens ( Gill. ex Hook.  & Arn.) Al-Shehbaz; DQ288827 
( Sisymbrium frutescens ); EU915151, EU915152;  Beilstein 03-171 , 
Argentina, La Rioja; MO.  Nevada holmgrenii (Rollins) N. H. Holmgren; 
DQ288829; EU915153;  Windham 2186 , USA, MO; UT.  Noccaea 
cochleariforme (DC.)  Á . L ö ve  & D. L ö ve; DQ288804; EU915154; 
 Beilstein 01-21 , USA, NM; MO.  N.  sp . Moench; DQ288805; EU915155; 
I-A Exp., 26 May 2004, Iran; UC  & TUH.  N.  sp. Moench; DQ288806; 
EU915156; I-A Exp., 26 May 2004, Iran; UC  & TUH. 
 Olimarabidopsis pumila (Stephan) Al-Shehbaz, O ’ Kane  & R. A. 
Price; DQ288807; EU915157;  Beilstein s.n. , USA, MO cultivated; 
MO.  Oreoloma violaceum Botsch.; DQ288808; EU915158; 
 Bartholomew et al. 8596 , China, Xinjiang; MO. 
 Pennellia brachycarpa Beilstein  & Al-Shehbaz; DQ288811; EU915159; 
 Beilstein 03-148 , Argentina, Jujuy; MO.   Physaria fl oribunda Rydb.; 
DQ288813; EU915160;  Beilstein 01-17 , USA, NM; MO.  P. rosei 
(Rollins) O ’ Kane  & Al-Shehbaz; EU907363; EU915161;  Fuentes-
Soriano 78 , Mexico, Puebla; MO.   Planodes virginicum Greene; 
DQ288814; EU915162;  Al-Shehbaz s.n. , USA, MO; MO.    Polanisia 
dodecandra (L.) DC.; DQ288815; EU915163;  Stevens s.n. , USA, MO; 
MO.  Polyctenium fremontii (S. Wats.) Greene; DQ288816; EU915164; 
 Beilstein 01-42 , USA, ID; MO.  Pseudocamelina campylopoda Bornm. 
 & Gauba ex Bornm.; DQ288817; EU915165; I-A Exp., 23 May 2004, 
Iran; UC  & TUH. 
 Rhammatophyllum erysimoides (Kar.  & Kir.) Al-Shehbaz  & O. Appel; 
DQ288818; EU915166;  Bartholomew et al. 9134 , China, Xinjiang; 
MO.  Robeschia schimperii O. E. Schulz; EU907364; EU915167; I-A 
Exp., X June 2004, Iran; UC  & TUH.   Romanschulzia sp. O. E. Schulz; 
DQ288819; EU915168, EU915169;  Fuentes-Soriano 54 , Mexico, Nuevo 
Leon; MO. 
 Schizopetalon rupestre (Barn.) Reiche; DQ288820; EU915170;  Beilstein 
03-168 , Chile, Region IV; MO.   Shangrilaia nana Al-Shehbaz, J. P. 
Yue  & H.Sun; DQ288823; EU915171;  Al-Shehbaz  & J P. Yue s.n. , China, 
Yunnan; KUN.  Sisymbriopsis mollipila (Maxim.) Botsch.; DQ288824; 
EU915172;  Bartholomew et al. 8335 , China, Xinjiang; MO.  S. 
yechengnica (C. H. An) Al-Shehbaz, C. H. An  & G. Yang; DQ288825; 
EU915173, EU915174;  Bartholomew et al. 9569 , China, Xinjiang; 
MO.  Sisymbrium altissimum L.; DQ288826; EU915175;  Beilstein 
01-26 , USA, NM; MO.   S. linifolium Nutt.; DQ288821; EU915176; 
 Beilstein 01-49 , USA, UT; MO.   Smelowskia annua Rupr.; DQ288831 
( Sophiopsis annua ); EU915177;  Bartholomew et al. 8271 , China, Xinjiang; 
MO.  S. calycina (Stephan ex Willd.) C. A. Mey; DQ288828; EU915178; 
Al-Shehbaz s.n., China, Xinjiang; MO.   S. tibetica (Thomson) Lipsky; 
DQ288774 ( Hedinia tibetica ); EU915179;  Bartholomew et al. 8254 , China, 
Xinjiang; MO.  Solms-laubachia zhongdianensis J. P. Yue, Al-Shehbaz 
 & H. Sun; DQ288830; EU915180;  Al-Shehbaz s.n. , China, Xinjiang; MO.  
 Stanleya pinnata (Pursh) Britton; DQ288832; EU915181, EU915182; 
 Beilstein 01-28 , USA, CO; MO.  Streptanthus squamiformis Goodman; 
DQ288835; EU915183;  Beilstein 01-11 , USA, OK; MO.  Strigosella 
africana Botsch.; DQ288793 ( Malcomia africana ); EU915184;  Beilstein 
01-46 , USA, UT; MO.   Synthlipsis greggii A. Gray; EU907365; 
EU915185;  Fuentes-Soriano 22 , Mexico, Durango; MO. 
 Tetracme pamirica Vassilcz.; DQ288837; EU915186;  Solomon et al. 21386 , 
Tajikistan, Badakhson; MO.  Thelypodium laciniatum (Hook.) 
Endl.; DQ288838; EU915187, EU915188;  Beilstein 01-65 , USA, CA; 
MO.  Thlaspi arvense L.; DQ288839; EU915189;  Beilstein 01-25 , 
USA, NM; MO.  Turritis glabra L.; DQ288840; EU915190; I-A Exp., 2 
June 2004, Iran; UC  & TUH. 
